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PREFACE. 


While engaged in teaching Mechanics to Senior Forms during 
a number of years, I have felt, especially in recent years, 
the need of a book dealing with harder applications of the 
principles of the subject, and filling the gap between the 
elementary book and the more advanced treatise written for 
degree students. 

At the present time the standard required for the various 
Higher Certificate and University Scholarship Examinations 
is undoubtedly high, and the student is expected to be able 
to apply fundamental principles to problems which require 
considerable thought and skill without introducing any great 
mathematical difficulties. 

To acquire the necessary skill necessitates a course of 
training which I feel is of considerable value in itself, apart 
altogether from the question of examinations, and the object 
of the present book is to provide such a course. It is 
intended to meet the requirements of students working for 
Intermediate B.Sc., various Higher Certificate and University 
Scholarship Examinations. The book is not intended for 
beginners, but I have tried to make the earlier chapters in 
both volumes complete enough to enable them to be used 
by those who have done even a short course in the elements 
of the subject. 

The methods of the Calculus have been used throughout. 
This subject is now taken in the Upper Forms of most 
schools, and the application to Mechanics can be used as 
a means of introducing and illustrating the fundamental 
ideas of the differential and integral calculus. 

The contents of each chapter have been arranged to 
depend, as far as possible, on the same mechanical principle, 
the harder examples being placed at the end of the chapter 
so that they may be left to a second reading. 
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PREFACE 


The present volume covers the subject of Dynamics to 
the standard already mentioned, and includes two chapters 
on the motion of a rigid body. Statics and Hydrostatics 
are dealt with in a second volume. 

With such a large number of examples I can scarcely 
hope that there are no errors in the questions or answers, 
but shall be very grateful for any corrections, and also for 
any suggestions for improvement. 

I wish to express my thanks to the Syndics of the 
Cambridge University Press, the University of London, 
certain of the Cambridge Colleges, the Oxford and Cam- 
bridge Schools Examination Board, the Joint Matriculation 
Board and the Central Welsh Board, for permission to use 
questions set in various examinations. 

I am deeply indebted to Mr. F. J. Swan, B.A., for the 
very valuable assistance he has given me in correcting the 
proof-sheets and making a number of suggestions. 

My thanks are also due to Mr. P. Abbott for much 
assistance and advice both with the manuscript and while 
the book has been in the press. 


The Polytechnic, 
May, 1930. 


D. HUMPHREY. 
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CHAPTER I. 


SPEED, VELOCITY AND ACCELERATION. 

§ 1, When a point is changing its position it is said to be in 
motion, and the curve drawn through all the successive positions 
of the point is called its path. 

§ 2. The speed of a moving point is the rate at which it describes 
its path. The speed expresses the rate of motion without reference 
to the direction of motion. Speed is therefore a quantity having 
magnitude only, and is expressed completely when we know this 
magnitude. 

A quantity having magnitude and no direction is called a Scalar 
quantity, so that speed is a scalar. 

Other examples of scalar quantities are mass and density, 

§ 8. The speed of a point is said to be Uniform when it is moving 
through equal lengths of its path in equal times, however small these 
times may be. 

When uniform, the speed of a point is measured by the distance 
moved through in unit time. 

If s is the distance moved through in time t, then the speed v is 
given by 

s 

.•. s = vt. 

§ 4. When the speed is varying, its value at any instant is the 
distance the point would pass through in the next unit of time, if it 
continued to move with the speed which it has at that instant. 

§ 5. The average speed of a moving point in any given interval of 
time is the speed with which it would have to move uniformly to 
describe the same distance in the same time. The average speed is 
obviously obtained by dividing the whole distance by the whole 
time. Now, if the interval of time is at all large, it is clear that the 
speed may have varied at different times during the interval. Hence 
we cannot obtain the speed at any instant from the distance travelled 
in an interval of time of anv finite size. 

§ 8 . The speed at any instant is measured by the rate of motion 
during a very short interval of time including that instant, this 
interval being so short that the speed will not have time to change. 
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In the notation of the differential calculus, if 8s is the length of 
path described in a very short interval of time Ft, including the given 
instant, the limiting value of 


8s 

87 


as St 


o, i.e. 


dj 

di' 


is the speed of the point at the instant considered, 

§ 1, The unit of speed is the speed of a point which moves uni- 
formly through unit distance in unit time. 

The English units of length and time most frequently used in 
dynamics are the foot and the second, and the unit of mass is the 
pound. These units are often called the foot -pound-second system, 
abbreviated to F.P.S. system. 

The metric units most commonly used are the centimetre, gram 
and second, and this is usually called the C.G.S. system. 

The units of speed in these systems will be 

I foot per second, abbreviated to i ft. /sec. or i ft. per sec., and 
I centimetre per second, abbreviated to i cm. /sec. or 
I cm. per sec. 

§ 8. Speeds are, of course, often expressed in other units, such 
as miles per hour (abbreviated to m.p.h.), and the unit of speed 
used in navigation is the knot, a speed of i nautical mile (6o8o ft.) 
per hour. 

In most cases it is best to bring all speeds to feet per second 
(or centimetres per second) when working examples in dynamics, 
and it is convenient to remember that 


()0 m.p.h. — 88 ft. /sec. 
riiis relation is easily obtained as follows : — 

6p m.p.h. “ I mile in i minute. 

- ~ mile in i second, 

6o 

^ feet in i second, 

6o 

" 88 feet in i second. 

§9. Displacement. 

The disj>lacenient of a moving point is its change of position. 
Now we can hx the position of a point P in a plane in two ways, as 
follows : 




DISPLACEMENT 


(i) Let OX, OY (Fig. i) be two fixed straight lines in the plane, 
and let PM be drawn parallel to OY to meet OX in M, and 
let PN be drawn parallel to OX to meet OY in N. Then 
the lengths of PN and PM (or OM and ON) will determine 
the position of P. 

These lengths are the Cartesian co-ordinates of P, referred to 
the axes OX, OY. 

Usually the axes are taken at right angles to each other. 

(ii) The position of P is also determined if we know the length 
of the line OP and the angle XOP. 

These are the polar co-ordinates of P, referred to O as origin 
and OX as initial line. 

§ 10. In the second method the position of the point relative to 
O is determined by the length and direction of a straight line. Any 
quantity which involves magnitude and direction in this way, and 
is therefore capable of being represented by a straight line of certain 
length drawn in a certain direction, is called a vector quantity. 

The vector OP determines the position of P relative to O, 

— V 

The notation OP is used to show that the direction of the vector 
is from O to P. 

OP TO, 

§ 11. If P (Fig. 2 ) moves to Q, the position of Q with reference 

to O is represented by the vector OQ, and the change of position 

— >■ 

or displacement of P is represented by the line (or vector) PQ. 



It is clear that to express completely the displacement of a 
point P in moving to another position Q we must state the magni- 
tude and direction of the line joining P to Q. 

By saying that the displacement is represented completely by 

the vector PQ we imply that the direction, as well as the length, of 
PQ is known. 

We also see that if the positions of the points P and Q are repre- 
— ► — >• 

sented by the vectors OP, OQ, the change in position, i.e. the dif- 

^ ^ ^ 

ference between the vectors OQ, OP, is represented by tlie vector PQ. 
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If P has moved to Q, the difference of the vectors OP, OQ is 
OQ — OP, and this is equal to PQ. 

The difference OP — OQ is equal to QP. 

§ 12. If the point starts from O and moves to P, the displace- 


ment is OP, and if it then moves to Q the further displacement is PQ, 
the total displacement is OQ, 


... OP + PQ = OQ. 

— y — V — y 

OQ is called the vector sum of OP and PQ. 

It is clear that OQ is equal and parallel to the diagonal of the 
parallelogram having OP and PQ as adjacent sides. 

We thus obtain the parallelogram law for finding the resultant 
of two displacements. 

— >■ — y 

§ 18. If AB, AC (Fig. 3 ) represent two displacements of a point, 

the resultant displacement is represented by the diagonal AD of the 
parallelogram ABDC. 



We have AC + AB == AD, 
and BD + DC == BC, 
but BD = AC, and DC = — AB, 
i.e. AC — AB == BC, the other diagonal. 


§ 14. Velocity. 

The velocity of a moving point at any time is the rate of its 
displacement. Velocity must therefore possess both magnitude and 
direction, and is a vector quantity. 

The velocity of a point is said to be uniform or constant when it 
is moving in a constant direction with uniform speed. 

When a point is moving in a straight line its velocity and speed 
are the same, otherwise they are not the same. 

For example, suppose a point is describing a circle with uniform 
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speed, then, since its direction of motion is continually changing, its 
velocity is not constant. 

When uniform, the velocity of a moving point is measured by its 
displacement in unit time. 

§ 16. When the velocity of a moving point is variable its velocity 
at any instant is understood to mean the displacement it would 
undergo in the next unit of time if it continued to move with the 
velocity which it had at the instant considered. 

§ 16. Suppose a point P to move in a plane to the position Q, 

— y 

we have seen that the displacement is PQ and that this is denoted by 

6q-6p. 

If t is the time taken to go from P to Q, the average velocity 
during this interval is 

00 - OP TO 
, or 


The velocity at P is given by taking the interval of time indefinitely 
small, so that the velocity at P is 


.. . OQ-OP 

Limit - - , or Limit 


PQ 

t ■ 


§ 17. The unit of velocity is the velocity of a point which under- 
goes a displacement equal to unit distance in unit time. 

Numerically this is the same as the unit of speed, and the magni- 
tude of the velocity of a point is the same as the magnitude of its 
speed. To express completely the velocity we must add a state- 
ment as to the direction of motion. 

§ 18. A point or body may have several different velocities simul- 
taneously, e.g. a person walking on the deck of a ship in motion. 
The single velocity which is equivalent to several other velocities is 
called their resultant, and the several velocities are called the com- 
ponents of this resultant. 

Velocities, like all vector quantities, can be compounded by the 
parallelogram law, as shown in the case of displacements. 

The resultant is the vector sum of the components. 

It is, however, more satisfactory to give a formal proof for each 
kind of vector as we deal with it. 


§^19. The Paralielognim of Vdocities. 

If a moving point possess simultaneously velocities represented 
in magnitude and direction by the straight lines OA, OB, they are 
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equivalent to a velocity represented by the diagonal OC of the parallelo- 
gram OACB. 


B C 



For. if OA (Fig. 4) represents a velocity of magnitude u, and OB 
a velocity of magnitude v, we may imagine the point to move along 
OA with speed u while the line OA moves parallel to itself so that 
its end 0 describes the line OB with speed v. In unit time the point 
will have moved along OA to A, and the line OA will have moved 
into the position BC, so that the moving point will be at C. 

At any intermediate time / the point will have moved a distance 
ut along OA to D, say, while the line OA will have moved a distance 
vt parallel to itself. 

If DE is drawn parallel to AC to meet OC in E, 

DE ^ 

OD OA u* 

DE = OD . - = M/- = vt, 
u u 

DE is the distance moved by the line OA, 
the point will be at E. 

Hence OC is the path described by the point, and OC represents in 
magnitude and direction the velocity which is equivalent to OA, 
OB, i.e. it represents their resultant. 

If the angle AOB = a, 

OC^ ~ OA* + AC* + 2OA . AC cos a. 

Hence, if the resultant OC is V, 

F* = w* -f v* + 2UV cos a. 

If the component velocities u and v are at right angles, 

F* - «* + r*. 

§ 20. Beaolation of a Velocity. 

We can use the parallelogram law to resolve a given velocity 
into two components. It is obvious that this can be done in an 
infinite number of ways, for we can describe any number of parallelo- 
grams on a given straight line as diagonal. 
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In practice the directions of the components are given, and these 
directions are usually at right angles. 

In the latter case the values of the component velocities are 
easily obtained as follows : — 



Let OP (Fig. 5) represent the given velocity v, and suppose we 
wish to resolve it into two components, one along OX, and the 
other in a perpendicular direction OY. 

Draw PM perpendicular to OX and PN perpendicular to OY. 
Then OM, ON represent the components along OX and OY. 

If the angle XOP — $, 

OM = V cos 6, and ON = v sin 0. 


Hence a velocity v is equivalent to a velocity v cos 6 along a line 
making an angle 6 with its own direction, together with a velocity 
of V sin B perpendicular to the direction of the first component. 


§ 21. If X, y are the co-ordinates of the point P at any instant 
referred to axes OX, OY, then OM = x, ON == y. 

The component velocities parallel to the axes are the rates of 
change of OM and ON, i.e. 


dx 

dt 



These are often denoted by x and y, i.e. ^ 

considering both components, we automatically take into account 
changes in the direction of motion of P. 

Changes in the values of x and y give us the change in position 
or displacement of P both in magnitude and direction, and the rates 
of change of x and y give us the rate of displacement of P. 

This method of considering component velocities is of great 
importance when we have to deal with cases of motion where the 
path is not a straight line. 


§ 22. When we speak of the component of a velocity in a given 
direction, it is understood that the other direction in which the 
velocity is to be resolved is perpendicular to this given direction. 

If we do require the components of a velocity v in directions 
making angles a and with it, they can be found as follows : — 
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B C 



Fig. 6. 


Let OC (Fig. 6) represent v. Draw OA and OB, making angles 
a and with OC, and through C draw parallels to complete the 
parallelogram OACB. 

Then OA and OB, or OA and AC represent the required com- 
ponents. Hence, from the triangle OAC, 


OA ^ OC _ OC 
sin jS sin A sin (a + j 9 )’ 


OA = 


V sin fi 
sin (a 4- ^ 5 )* 


c* M 1 nn V Since 

Similarly, OB = — 7 — 

^ sin (a + p) 


EXAMPLES 1 . 

1. Find the resultant of velocities of 8 ft. /sec, and 6 ft. /sec. at right 
angles. 

2 . Find the resultant of velocities of 8 ft. /sec. and 6 ft. /sec. inclined at 
an angle of 60°. 

3. A railway carriage is travelling at 30 ft. /sec., and a person rolls a 
ball across the floor of the carriage at right angles to the direction of 
motion of the train at 16 ft. /sec. Find the resultant velocity of the 
ball. 

4. A point is moving in a straight line with a velocity of 12 ft. /sec. ; 
find the component of its velocity in a direction inclined at an angle 
of 30° to its direction of motion. 

5. A ball is moving at 60 ft. /sec. in a direction inclined at 60® to the 
horizontal ; find the horizontal and vertical components of its 
velocity. 


§28. Triangle 0 ! Velocities. 

If a moving point possess simultaneously velocities represented by 
the two sides AB, BC of a triangle taken in order, their resultant is 
represented by AC, 



Fic. 7. 
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This follows at once from the parallelogram of velocities. 

— y — y — > 

The resultant of AB, BC (Fig. 7) is their vector sum, i.e. AC. 

§24. Polygon 0 ! Velocities. 

If a moving point possess simultaneously velocities represented by 
the sides AB, BC, CD, , . . LM, of a polygon taken in order, their 
resultant is represented by AM. 



For, by the triangle of velocities, the resultant of AB and BC 
(Fig. 8) is represented by AC, the resultant of AC, CD is represented 
by AD, and so on ; the resultant of all the velocities is therefore 
represented by AM. 

It is obvious that this result also holds if the sides of the polygon 
are not in one plane. 

§ 25. When a point possesses a number of given velocities we 
can find their resultant by resolving each of them in two fixed 
directions OX, OY at right angles, adding the components in each 
of these directions to obtain a single velocity along OX and another 
along OY, and then compounding these two perpendicular velocities 
into a single one. 

Example. 

A point has velocities of 2, 2, 6, and 8 inclined at angles of 30°, 

45®, 60®, and 120® respectively to a given direction. Find the magnitude 
and direction of their resultant. 

Let OX (Fig. 9) be the given direction, and OY perpendicular to it. 

The components along OX are 

2 cos 30®, 4 V2 cos 45®, 6 cos 60®, 8 cos 120®, 

or. Vs, 4, 3, — 4. 

and their sum is 

•Vi + 3- 
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Y 



The components along OY are 

2 sin 30°, 4 V2 sin 45°, 6 sin 60°, 8 sin 1 20°, 

or I, 4, 3V3, 4^3, 

and their sum is 

5 + 7“^3- 

The velocities are therefore equivalent to a velocity of 3 -f ^^3 along 
OX and a velocity of 5 + 7^3 along OY. 

If V is the resultant, 

- (3 + v'a)* + (5 + 7^3)* 

= 315*632. 

V = I7‘76. 

If ^ is the angle made by this resultant with OX, 

Un 0 = =.mi±= y6x8: 

3 + V3 4*732 
B ~ 74 J® nearly. 


§26. Example (i). 

A boat is rowed with a velocity of 4 m.p.h. straight across a river which 
is flowing at 3 m.p.h. Find the magnitude and direction of the resultant 
velocity of the boat. If the breadth of the river is 400 feet, find how far 
down the river the boat will reach the opposite bank. 

The component velocities of the boat are 4 m.p.h. and 3 m.p.h. at 
right angles. If v is the resultant velocity 

= Vg -f- 16 



Fig. 10. 


V - V3* + 4' 


5 m.p.h. 
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If $ (Fig. lo) is the angle the direction of this velocity makes with 
the bank, 


cos B ~ or 0 ~ cos 


To find how far down the river the boat reaches the opposite bank 
it is better to use the component velocities. 

The time taken to get across the stream is not affected by the current 
as the man keeps rowing at right angles to the bank. 


4 m.p.h. 


88 X 4 88 


6o 


15 


ft. /sec.. 


the time taken to cross = 

88 

'TV j r XU X • 88 X 3 88 

The speed of the current is — - — - = — 


sec., 
ft. /sec., 


hence, in the time taken to cross, the boat will be carried down stream 
a distance of 


88 ^ 400 X 15 
20 ^ 88 


300 ft. 


Example (ii). 

A stream is running at 3 m.p.h., and its breadth is 440 feet. If a man 
can row a boat at 5 m.p.h,, find the direction in which he must row in order 
to go straight across the stream, and the time it takes him to cross. 


B 



Let A (Fig. ii) be the point from which the man starts, and AB 
perpendicular to the banks. 

Then the resultant of the stream’s velocity of 3 m.p.h. in direction 
AC and the man’s velocity of 5 m.p.h. has to be in the direction AB. 
If AC represents the velocity of the stream to scale, and AD the man’s 
velocity to the same scale, then the diagonal AE of the parallelogram 
whose adjacent sides are AC and AD must lie along AB, and AE = 

V5^'^ = 4- 

Cos DAE = g, i e. he must row in a direction making an angle 
cos - ^ ^ with AB. 

Also his resultant velocity is 4 m.p.h. or U ft./sec., 


.’. the time to cross 


440 X 15 40 X 15 

88 ■” 8 


75 sec. 
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EXAMPLES II. 

1. A boat is rowed with a velocity of 5 m.p.h. straight across a river 
flowing at 3 m.p.h. If the breadth of the river be 500 feet, find how 

• far down the river the boat will reach the opposite bank. 

2. A man wishes to go straight across a river ; if he can row his boat 
with three times the velocity of the current, find at what inclination 
to the current he must keep the boat pointed. 

3. A boy is riding a bicycle at 10 m.p.h. ; in what direction must he 
throw a stone with a velocity of 22 ft. /sec. so that its resultant 
motion may be at right angles to his own direction. 

4. A boat is moored at a place where a current is flowing eastwards 
at ij m.p.h. Two buoys are also moored, each 176 ft. from the 
boat, one due north, the other due east of it. Two equally fast 
swimmers, each capable of a speed of 2J m.p.h. in still water, start 
from the boat at the same time to swim one to each buoy and back 
to the boat. Which will reach the boat again first, and how much 
sooner ? 

5. A point which has velocities represented by 8, 9, and 13 is at rest ; 
find the angle between the directions of the two smaller velocities. 

6. A point has velocities of 3, 5, 4, and 6 in directions E., N.E., N., and 
N.W. respectively ; find the magnitude and direction of its resultant 
velocity. 

7. A point has equal velocities in two given directions ; if one of these 
velocities be halved, the angle which the resultant makes with the 
other is halved also. Show that the angle between the velocities 
is 120°. 

8. If a point has two velocities, and w, inclined at such an angle 

that the resultant velocity V — show that, if be doubled, 
the new resultant is at right angles to u,. 

9. A man who swims at 3 m.p.h. in still water wishes to cross a river 
176 yards wide, flowing at 5 m.p.h. Indicate graphically the 
direction in which he should swim in order to reach the opposite 
bank (a) as soon as possible, (b) as little down stream as possible. 
How long will he take to cross, and how far will he be carried down 
stream in each case ? 

10. A ship is steaming on a course 30° east of north at a speed of 12^ 
knots, and a man walks backwards and forwards across the deck 
in a direction perpendicular to the ship’s course at a speed of 
5 ft. /sec. Find the actual directions in wliich the man moves. 

(H.C.) 

§ 27. Rdatiye Velocity. 

When the distance between two points P and Q is altering, 
either in magnitude or direction, then either point is said to have 
a velocity relative to the other. 

The relative velocity is the vector difference of the velocities of 
P and Q. 

If the points are moving in parallel directions, this is the same 
as the algebraic difference of the velocities. 

— > — 

If AB (Fig. 12) of magnitude w, and CD, of magnitude v, represent 
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Fig. 12. 


the velocities of P and Q, AB being parallel to CD, the velocity of 
P relative to Q is 

u — V, 

and that of Q relative to P is 

V — u. 

In bach case this is the resultant of the velocity of one point 
and that of the other reversed. 



Fig. 13. 

If AB, AC (Fig. 13) represent the velocities of P and Q, 

The velocity of P relative to Q is 

AB - = CB, 

The velocity of Q relative to P is 

AC - AB = 

Here, again, it is clear that the velocity of P relative to Q is 
the resultant of the velocity of P and the velocity of Q reversed. 
Similarly, in the second case. 

Hence we may obtain the velocity of P relative to Q by com- 
pounding with the velocity of P a velocity equal and opposite to 
that of Q, and the point Q may then be regarded as at rest. 

§ 28, This can be expressed in another way. It is clear that the 
relative velocity, which is the difference between the velocities, 
of two points, will not be affected by impressing on each of them 
equal (and parallel) velocities. 

Hence, if we impress on both P and Q velocities equal and 
opposite to that of Q, the latter will be reduced to rest and the 
resultant velocity of P will be, as shown above, the velocity of P 
relative to Q. 

We can find all about the relative motion of P and Q (such as the 
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shortest distance between them) by considering P to move with 
this relative velocity while Q remains at rest. 

Most problems on relative velocity can be solved by this method 
of reducing one of the points to rest, as illustrated in the following 
examples. 

There are some, however (such as Example (iii), § 52), which 
require the use of the vector method. 

The usual method is as follows : — 

To find the velocity of P relative to Q, we compound with the velocity 
of P a velocity equal and opposite to that of Q by the parallelogram law. 

Example (i). 

A ship is steaming due east at m.p.h,, and another ship is steaming 
due south at 20 m.p.h. ; find the velocity of the second ship relative to the 
first. 

15 



If AB (P'ig. 14) represents the velocity of the second ship, we have 
to compound with it a velocity of 15 m.p.h. due west. If this is repre- 
sented by AC, the relative velocity is represented by the diagonal AD 
of the rectangle ABDC. 

AD* = AB* 4- DB* = 20* -f 15* = 625, 

AD = 25. 

The relative velocity is therefore 25 m.p.h., and its direction makes an 
angle west of south whose tangent is }. 

Example (ii). 

A train is travelling along a horizontal rail at 45 m.p.h., and rain is 
falling vertically with a velocity of 211 ft. j sec. Find the apparent direction 
and velocity of the rain to a person travelling in the train. 

The velocity of the train is 66 ft. /sec. 


C . A 

I < 



< 


) 


d 


Fig. 15. 
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Let AB (Fig, 15) represent the actual velocity of the rain. Draw AC 
horizontal and opposite to the direction of the train to represent the 
magnitude of the velocity of the train to the same scale. Complete 
the parallelogram ABDC. 

Then AD represents the relative or apparent velocity of the rain. 


tan BAD = 


DB 66 _ 
AB “ 22 


The magnitude of the relative velocity is 


V06* -f 22* = 22 V9 -f I =^.22 Vio ft./sec. 


Example (iii). 

A battleship which can steam at 15 knots sights an enemy cruiser at 
a distance of 8 nautical miles due east of her. If the cruiser steams due 
north at 20 knots, find what course the battleship must steer in order to 
get as close to her as possible, and show that when they are as close as 
possible, the battleship will have gone 6 nautical miles relatively to the 
cruiser. 



Let B, C (Fig. 16) be the initial positions of the battleship and 
cruiser respectively. Reduce C to rest by applying a velocity of 20 
knots due south to each. Since the speed of B is only 15, it is obvious 
that its velocity relative to C. i.e. the resultant of 20 due S. and its 
own velocity of 15 must be in a direction south of BC. Now in order 
that B shall get as close as possible to C, its velocity relative to C must 
make as small an angle as possible with BC. 

If BD represent the velocity of B, and BE the relative velocity, 
the angle EBC will be a minimum when the angle ABE is a maximum. 

This is the case when AE (which equals BD) is perpendicular to 
BE, and then 

cos EBC — sin ABE = = J. 

and sin CBD — cos EBC = J. 

The required direction is therefore sin-‘ J N. of E. 

The shortest distance between B and C is CF where CF is perpen- 
dicular to BE. 

BF = BC cos EBC — 8 X J == 6 miles, 
i.e. B has gone 6 miles relatively to C. 
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EXAMPLES IIL 

1. Two trains are travelling on lines which cross at right angles, one 
at 40, and the other at 50 m.p.h. Find the velocity of the second 
train relative to the first. 

2. A passenger on the top of an omnibus feels a breeze which to him 
appears to blow directly across the bus at 10 m.p.h. If the omnibus 
is travelling at 15 m.p.h., what is the velocity of the wind ? 

3. Raindrops are falling through the air with a velocity of 10 ft. /sec. 
If a north wind blow at 12 m.p.h., find the direction in which the 
drops appear to fall to a person walking north at 3 m.p.h. With 
what velocity would they hit his umbrella ? 

4. A steamship is travelling north at the rate of 10 m.p.h., and there 
is a north-east wind blowing at the rate of 20 m.p.h. In what 
direction will the smoke from the funnel appear to move to an 
observer on the ship 7 

5. One ship is sailing due east at 12 m.p.h., and another ship is sailing 
due north at 16 m.p.h. ; find the velocity of the second ship relative 
to the first. 

6. A steamer going N.E. at 14 m.p.h. observes at noon a cruiser 10 
miles away and S.E. of her, which is going N.N.E. at 25 m.p.h. 
Draw a diagram of the cruiser’s course as it appears from the 
steamer. At what time are the vessels nearest to one another, 
and how far are they then apart ? 

7. Two ships are steaming in opposite directions at 20 and 25 knots 
respectively, and when they are directly abeam a shot is fired from 
one. If the gun at rest gives a muzzle velocity of 2660 ft. /sec., 
find the direction in which it must be fired to hit the other ship, 
gravity being neglected. (A knot is 6080 ft. /hour.) 

8. Two roads cross at right angles at P ; a man A, walking along one 

of them at 3 m.p.h., sees another man B, walking on the other 
road at 4 m.p.h., at P when he is 100 yards off. Find the velocity 
of A relative to B, and show that they will be nearest together 
when A has walked 36 yards. (I S.) 

9. Two motor cars are proceeding, one on each road, towards the point 
of intersection of two roads which meet at an. angle of 60®. If their 
speeds are 12 J and 20 m.p.h., and they are respectively 350 and 200 
yards from the cross-roads, find their relative velocity, and the 
distances from the cross-roads when they are nearest together. 

(I.E.) 

10. To an observer on a ship travelling due west at 16 m.p.h. another 

ship I mile due south appears to be travelling north-east at 12 
m.p.h. Find the magnitude and direction of the true velocity of 
the second ship, and the distance apart of the two ships when 
nearest to each other. (I.S.) 

11. A battleship is steaming 15 knots due N. ; a cruiser, which steams 
25 knots, is 5 nautical miles S.W., and is ordered to line up 
I nautical mile astern. Find graphically, or otherwise, the course 
the cruiser should steer to line up as quickly as possible. (I.E.) 

12. If a ship is moving N.E. at 15 knots, and a second ship appears to 
an observer on the first to be moving due E. at 7 knots, determine 
the ^actual direction and magnitude of the velocity of the second. 

(I.S.) 
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13. From their point of intersection two straight roads lie respectively 

due E. and 60° N. of E. At the same instant that a motor travel- 
ling at 35 m.p.h. due E. is at the crossing, a second motor is 5 
miles from it, and is travelling at 30 m.p.h. towards it from 60*^ 
N. of E. Find by a graphical construction (or by calculation) the 
relative velocity of the first to the second motor. Find also when 
they will be at their shortest distance apart. (I E.) 

14. Two sliips are sailing at speeds of ro and 12 m.p.h. along parallel 
lines in the same direction. When they are opposite one another 
and 2 miles apart, the faster ship turns its course through 30® in the 
direction of the other. Find how close they get to one another. 

(I.K.) 

15. A ship A is steering S. at the rate of 8 m.p.h., and a ship B is 

steering E. at 10 m.p.h., the distance AB being 2000 yards and the 
line AB making an angle of 30° towards the west with the direction 
of motion of A. Calculate their relative velocity, and find how 
long it will be before they are closest together. (H.S.D.) 

16. A man can swim at 2 m.p.h. in still water. Find the time he 

would take to swim between two directly opposite points on the 
banks of a river 250 yards wide flowing at i m.p.h. (H.S.D.) 

17. A batsman is at the wicket W and a fieldsman is in the outfield at 

F. The batsman strikes the ball in a direction making 30® with 
the line WF with a speed ij times that with which the fieldsman 
can run. If the fieldsman starts off at once, at top speed, so as 
to field the ball as soon as possible, determine, graphically or 
otherwise, the direction in w’hich he must run ; and show that, if 
in doing this he has run 20 yards, he was standing about 39 yards 
from the wicket. (Assume that the ball travels along the ground 
with no diminution of speed.) (H.S.D.) 

18. A destroyer, steaming N. 30® E. at 30 knots, observes at noon a 

steamer which is steaming due N. at 12 knots, and overtakes the 
steamer at 12.45 P Find the distance and bearing of the 
steamer from the destroyer at noon. (H.C.) 

19. Find the true course and the true speed of a steamer travelling 
through the water at 12 knots and steering due north by the 
compass through a current of 3 knots which sets south-east. Find 
also the direction in which the steamer should steer in order to 
make its true course due north, and the true speed on that course. 

(H.C.) 

20. A cruiser which can steam at 30 knots receives a report that an 
enemy vessel, steaming due north at 20 knots, is 29 nautical miles 
away in a direction 30° north of east. Show (i) graphically, (ii) by 
calculation, that the cruiser can overtake the vessel in almost 
exactly 2 hours. (A knot is a speed of i nautical mile per hour.) 

(H.C.) 

21. A ship leaves a certain port and steams N.E. at 15 knots ; 5 hours 
later another ship leaves the same port and steams due W. at 20 
knots. Their wireless instruments can maintain communication 
up to 225 nautical miles ; find to the nearest nautical mile the 
distance of the ships from the port when communication ceases. 

(H.C.) 

22. Two motor cars, A, B are travelling along straight roads at right 
angles to one another, with uniform velocities of 21 m.p.h. and 
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28 m.p.h., respectively, towards C, the point at which the roads 
cross. If AC is half a mile when BC is three-quarters of a mile, 
find the shortest distance between the cars during the subsequent 
motion. (C.S.) 

23. A steamer is going due west at 14 m.p.h., and the wind appears 
from the drift of the clouds to be blowing at 7 m.p.h. from the 
N.W. Find its actual velocity, and make a geometrical construction 
for its direction. 

24. A ship A observes another B at a distance of 8 miles in a direction 

due north ; B is steaming south at 12 m.p.h. and A is steaming 
north-east at 15 m.p.h. Find (graphically or otherwise) the 
velocity of B relative to A ; and prove that the ships are nearest 
together about 17 minutes after B is first observed. (Q-E-) 

25. A branch road running N.W. joins a main road running due north. 

At a particular instant two motor cars, A and B, each travelling 
at 12 m.p.h., are approaching the junction, A being on the branch 
road and distant miles from the junction, and B being on the 
main road, and i mile from the junction. If the speeds of the cars 
remain constant, find (i) how close to one another they get ; (ii) 
the distance of A from the junction when this occurs. (Q E.) 

§29. Angular Velocity. 

If a point P be in motion in a plane, and if O he a fixed point in 
the plane and OA a fixed straight line through 0, the angular velocity 
of P about 0 is defined as the rate at which the angle AOP increases. 

Angiilar velocity is always measured in radians per second. When 
uniform, angular velocity is measured by the number of radians in 
the angle turned through by OP in i second. When variable, its 
value at any instant is measured by the angle through which OP 
would turn in i second, if it continued to turn at the same rate as 
at the instant considered. 

If 0 is the angle between OP and OA at any instant, the angular 
velocity is ~ or 9. 

§ 30. If the point P describe a circle with 0 as centre with uniform 
speed, its angular velocity about 0 is equal to its speed divided by the 
radius of the circle. 



Let P (Fig. 17) be the position of the point at any time, Q its 
position I second later. The angular velocity is the number of 
radians in the angle POQ. 
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But the number of radians in POQ ™ 


arc PQ 


Also, the arc PQ is described in i second, and is therefore equal 
to the speed v. 

Hence, if co be the angular velocity, and r the radius of the circle, 


CO ~ 


V 


V — r<o. 

If n is the number of revolutions which P makes in i second, the 
angular velocity is 27 m. 

The rate at which a body is rotating is often given in revolutions 
per minute (abbreviated to R.P.M.). 

It should be noticed that the angular velocity of a point P 
about another point O is independent of the distance of P from 
O ; it is the same for all points in the line OP. The linear speed of 
a point in OP does, however, depend on its distance from O. The 
speed of the point equals the angular velocity multiplied by the 
distance of the point from O. 

§ 81. To find the velocity of any point on a circular disc which is 
rolling uniformly, without sliding, on a straight line. 



Fig. 18. 


Let O (Fig. 18) be the centre and r the radius of the disc, A its 
point of contact with the line AX, and let v be the velocity with 
which O moves. 

Now as the centre moves forward uniformly in a straight line 
the disc turns uniformly about the centre ; and, since each point of 
the rim in succession touches the ground, it is clear that each point 
of the rim describes the perimeter relative to the centre while the 
centre moves forward a distance equal to the perimeter. Hence 
the velocity of any point on the rim relative to the centre is equal 
in magnitude to the velocity v of the centre. 

The angular velocity (a>) of the disc about its centre is therefore 

equal to 
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If B is the highest point of the disc, its velocity relative to O is 
V horizontally, and in the same direction as the velocity of O. 

velocity of B = + v = 27;. 

The velocity of A relative to O is also v, but in the opposite direction 
to the velocity of O. 

velocity of A — i; — i; = o, 

i.e. the point A is instantaneously at rest. 

If P is a point on the rim, such that the angle BOP = 6 , the resuh 
tant velocity of P is obtained by compounding together its velocity 
relative to O, v along the tangent PT, and the velocity of O, i.e. 
7; horizontally along PC. 

Now the angle CPT 6 , 
and if V is the resultant velocity of P, 

V* — + 2v^ cos 0, 

0 

= 27 ;^(i + cos 0 ) = cos^ ^ ; 

V — 27; cos - . 

2 

The direction of this velocity is along PD bisecting the angle 
CPT, since the two components are equal. 

If A P is joined we see that 

angle OPA = 

0 

also angle TPD = 

angle APD = angle OPT == a right angle. 

Hence each point of the rim is moving perpendicular to the line 
joining it to A, the lowest point ; 

also AP = 2 f cos 

2 

the angular velocity of P about A is 
0 

2V cos - 

2 __ V 

d~' r 
2r cos - 
2 

^ the angular velocity of the disc. 

Since the disc is rigid, all points in AP must have the same angular 
velocity about A, and it follows that all points on the disc are at 
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this instant turning about A with angular velocity w equal to that 
of the disc about its centre. 

The point A is called the instantaneous centre of rotation. 

§82. Example (i). 

An engine is travelling at 6o m.p.h., and its driving wheel is 6 feet in 
diameter : find the velocity and direction of motion of each of the two 
points of the wheel which are at a height of feet above the ground. 



Fig. ig. 

Let C (Fig. 19) be the centre of the wheel, A the point of contact 
with the rail, B the highest point, and D, E the points at a height of 
4I feet. 

60 m.p.h. = 88 ft, /sec. 
angle BCE = 60°. 

The velocity of E is composed of its velocity relative to C, i.e. 88 ft. /sec. 
perpendicular to CE downwards, and the velocity of C, i.e. 88 ft. /sec. 
horizontal. These are inclined at an angle of 60°, and the resultant 
velocity V bisects the angle between them, i.e. it is inclined at 30° 
below the horizontal. 

Also V - 88» z -= 88 V3 ft. /sec. 

- - 60 V ^ ni.p.h. 

The component velocities of I) are 88 ft. /sec. liorizontal, and 88 ft. /sec. 
perpendicular to CD and upwards. 

The resultant is 88 V3 as for E, but it is inclined at an angle of 
30® above the horizontal. 

Example (ii). 

Explain how to find the angular velocity of the line joining tivo points 
whose velocities are given. 

Let A and B (Fig. 20) represent the two points. Now it is evident 
that any component velocities of A and B parallel to AB will not affect 
the direction of AB, but the components perpendicular to AB will alter 
the direction of AB unless they happen to be equal and in the same 
direction. 

VOL. I . — 2 
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To find the angular velocity of AB we therefore proceed as follows : — 
Resolve the velocities of A and B, along and perpendicular to AB. 
Let «!, tt, be the components for A and B respectively perpendicular to 
AB. 

Compound with each of these a velocity equal and opposite to that 
of one of them, say u^. 

Then A is reduced to rest and B has a velocity of Ug — perpen- 
dicular to AB, 

tim Uj 

the angular velocity of AB — — 

This is only the instantaneous angular velocity, for as the direction of 
AB changes the components perpendicular to AB will change and so 
will the length AB. 


Example (iii). 

Two small marbles A and B are moving in a clockwise direction in 
concentric circular grooves of 2 inches and 3 inches radii respectively. 
The velocity of A in its groove is 2 inches per second, and that of B is 
9 inches per second. At a given instant the marbles are 1 inch apart ; 
what time will elapse before the distance between them is 5 inches ? 



Let O (Fig. 21) be the common centre of the grooves. The marbles 
can only be 1 inch apart when they are on a common diameter and on 
the same side of the centre as at A and B. They will be 5 inches 
apart when they are on a common diameter, but on opposite sides of 
the centre as at A', B', and then B will have described 180° more than A. 

It is easier to consider the angular velocities of the marbles than 
their linear speeds. 

Since A's speed is 2 inches per second, it describes 360® or 27 r radians 
- ? ™ 2 7r seconds. Hence its angular velocity is i. 
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B describes 360® in ^ =» seconds, and its angular velocity is 

therefore 3. 

B’s angular velocity relative to A is 2 radians per second ; 
the time B takes to gain 180° or ir radians is ^ seconds ; 

they will te 5 inches apart after ^ or 1*5708 seconds. 


EXAMPLES IV. 

1 . A wheel is making ^00 R.P.M. about its centre ; calculate the angular 
velocity of any poitit on the wheel about the centre. Also find the 
speed of a point at a distance of 2 ft. from the centre. 

2. A point moves in a circle with uniform speed ; show that its angular 
velocity about any point on the circumference of the circle is con- 
stant. 

3. A train is travelling at 40 m.p.h., and the diameter of one of the 
wheels of the engine is 5 ft. Find the velocities of the two points 
on this wheel which are at a height of 4 ft. above the ground. 

4. A body travelling at right angles to the plane of a fly-wheel 30 inches 
in diameter, mafcng 480 R.P.M. makes a mark across the rim of the 
wheel. The mark is found to make an angle of 60® with the edge 
of the rim. Calculate the speed of the body. 

5. Compare the velocities of the extremities of the hour and minute 

hands of a clock, their lengths being 2 and 3 inches respectively. 

6. A wheel of 8 feet diameter is rolling along the ground with a vel ycity 
of 20 ft. /sec. ; find the angular velocity of the wheel and the maj^- 
tudes and directions of the velocities of the points at the extremities 
of the horizontal diameter. 

7. The wheels of a bicycle are 30 inches in diameter, each crank is 
7J inches long, and is geared so as to make i revolution while the 
wheels make two. Find the actual velocity of the end of the crank 
(i) when at the highest, (ii) when at the lowest point of its path, 
when the bicycle is travelling at 10 m.p.h. Work out the same 
problem supposing that two revolutions of the crank correspond to 
one of the wheels. 

8. A circular ring moves uniformly in a straight line in its own plane, 
and a point on the ring moves uniformly round the ring. Find the 
actual velocity of the point when the Une joining it to the centre 
of the ring makes angles of (i) 90®, (ii) 45®, (iii) o® with the direction 
of motion of the ring. (N.B. — ^There is not necessarily any connec- 
tion between the velocity of the ring and the velocity of the point.) 

9. A bicycle wheel is 28 inches in diameter and the pedal crank is 

7 inches long. If the pedals make one revolution to three revolutions 
of the wheels, and the speed of the bicycle is 14 m.p.h., find the 
velocity of each pedal when the top of the crank makes an angle 
B with the vertical in a forward direction. (Q E.) 
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§ 33. Change of Velocity. 

Since a velocity has both magnitude and direction, it will be 
changed if we alter either of these or both. 



Fig. 22. 


Thui^, suppose AB (Fig. 22) represents the velocity of a point at 
any instant, and AC its velocity at a later instant. Then we know 
by the triangle of velocities that BC represents in magnitude and 
direction the change of velocity during the interval considered. 

If AC AB, then the speed has remained the same, but there 
has still been a change of velocity represented by BC. In dealing 
with motion in a straight line we have only to consider changes of 
speed, but when the path is a curve we must remember that the 
velocity is continually changing, although the speed may remain 
constant. This case will be dealt with in a later chapter. 

§34. Acceleration. 

This term is used to denote the rate at which the velocity is 
changing. It may be either uniform or variable. If a point move 
so that the changes of velocity in any equal times, however small, are 
the same in direction and equal in magnitude, the acceleration is said 
to be uniform. The change of velocity in each unit of time measures 
the magnitude of the acceleration, 

§ 35. When the changes of velocity in equal times are unequal 
in magnitude or not in the same direction, the acceleration is said 
to be variable. When variable, the acceleration at any ir^Tant is 
measured by the change of velocity which would occur in the next 
unit of time if the acceleration remained constant in magnitude 
and direction during that interval. 

§ 36. The magnitude of the unit of acceleration is the acceleration 
of a point which moves so that its velocity changes by the unit of 
velocity in each unit of time. 

E.g. I foot per second every second, usually written i ft. /sec.*, 
or I f.s.s. 

I centimetre per second every second, written i cm. /sec.® 

It is clear that acceleration, like velocity, is a vector quantity, 
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and an acceleration expressed in these units only gives the change 
in magnitude of this vector. 


§ 87. Parallelogram of Accelerations. 

If a moving point have two accelerations represented in magnitude 
and direction by the straight lines OA, OB, they are equivalent to an 
acceleration represented by the diagonal OC of the parallelogram OACB. 


0 


Fig. 23. 



C 


This theorem follows at once from the parallelogram of velocities. 

For OA, OB (Fig. 23) represent the two velocities given to the 
point in unit time. By the parallelogram of velocities the diagonal 
OC represents the resultant change of velocity in unit time, and 
therefore represents the resultant acceleration. 

§ 88 . It follows from the preceding paragraph that accelerations 
can be compounded and resolved in the same way as velocities, and 
propositions similar to the Triangle and Polygon of Velocities are 
true for accelerations. 


§ 89. Expressions tor Acceleration. 

If s is the distance of a moving point from some fixed iK)int of 

ds 

its path at time t, then its sp>eed v is The sj>eed-acceleration is 


dv d^s 
or 


the rate of change of v, i.e. 

. at at^ 

Hence, if /is the speed-acceleration. 


also 


^ ~"dt~ df^* 

r __ _^dv ds 

^ ^ dt'^ ds ' dt 


dv 


^ds' 


It must be noted that, unless we use vector notation, expressions 
dv d^s 

like ^ only represent rates of change of speed, they do not take 

into account changes in direction of motion. 

When the motion takes place in a straight line there is no diffi- 
culty, as speed and velocity are the same. 

When the motion is not in a straight line, the difficulty is over 
come by considering component accelerations. 
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§ 40. Component Aooelerations. 

If the co-ordinates of a moving point P (Fig. 24) be (x, y) at any 

Y| 


N 


P 


0 


M 

Fig. 24. 


X 


instant, the component velocities of P parallel to the axes OX, OY 
dx dy 

are ^ and the velocities of M and N, the projections of P on 
the axes. 

If the component accelerations of P are X, Y parallel to OX and 
OY, 

X \ 

dfi' ^ ~ dt'- 

d^x 

and ^ are often denoted by x and j'. 

By working with these components we take into account changes 
in direction as well as changes in the magnitude of the velocity of P. 


§ 41. BelatiTe Acceleration. 

^ — >■ 

If OA, OB (Fig. 25) represent the accelerations of two points P, 

Q at any instant, the relative acceleration of one point with respect 

— >■ — >■ 

to the other is the vector difference between OA and OB. 


B 



The acceleration of P relative to Q is 
OA - OB = BA , 

and the acceleration of Q relative to P is 
OB - OA = AB. 

The relative acceleration can be obtained, as in the case of rela- 
tive velocity, by compounding with the acceleration of one an 
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acceleration equal and opposite to that of the other, and the latter 
will then have no acceleration. 

If two points have accelerations which are equal in magnitude 
and in the same direction, their relative acceleration is zero, and 
their relative motion is the same as if neither of them had any 
acceleration. 

This often enables us to simplify a problem on the motion of 
bodies subject to a common acceleration by ignoring this accelera- 
tion. 

It should be noticed that a point at rest may have acceleration, 
and that two points whose velocities at any instant are equal and 
parallel (i.e. they have no relative velocity) may have relative 
acceleration with respect to each other. 


§ 42. Velocity and Acceleration of the Centre of Mass of a System 
of Particles. 

It is proved in statics that if the co-ordinates of a number of 
particles Wj, etc., are {xi, y^), (x^, etc., then if A, Y are the 
co-ordinates of their centre of mass, 

X = + ^ 2^2 + • . 

w, + Wg + . . - 

Now, the component velocities of the centre of mass are 

dX , dY 
It- 

and since m,, Wg, etc., are constants, we have by differentation. 


and similarly. 



dx. 

. dxo 

. . . 

dX 



dt 

m, 

+ Wg h 

. . . 

dY 


-1- «t 

+ . • • 

dt 


+ + 



but etc., etc., are the component velocities of the 

at at at at 

particles, say, «2» etc., v^, etc. 

.-. the component velocities of the centre of mass are 


U 


-f + • • 

Wj + Wg + . . . 
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The component accelerations of the centre of mass are^^ and^^. 

(Ur (U* 


Hence, differentiating the values for again with respect to t, 

CLt dt 

it is easy to see that if /j, /g, etc., //, /g', etc., are the component 
accelerations of the particles and F, F\ those of the centre of mass, 


^ fnJi + mj2 + . ■ . 

+ mg + . . . ' 

^ + ^ 2 / 2 ' + ■ ■ » 

mi + mg + . . . 


Motion in a Straight Line. 

§48, We shall now consider the case of a point moving in a 
straight line with constant acceleration. Speed and velocity are 
then the same, and acceleration refers only to change of speed. 

If the speed is increasing, the acceleration is said to be positive, 
if the speed is decreasing, the acceleration is negative. 

A negative acceleration is, of course, the same as a retardation. 


§44. Equations of Motion for Constant Acceleration. 

If s denote the distance of a point at time t from the point at 
which it starts, so that s == o when / = 0 ; then, if the acceleration 
is constant and equal to /, we have 


.-. integrating, 


dH 

dF 


=/• 




Now A is obviously the value of ^ when ^ = o, i.e. ^4 is the initial 
velocity, usually denoted by u. 


dj 

‘dt 


^ u ft. 


or V = u + f t 


Integrating again, s = «/ + ^//* + 

and since s = o when ^ = o, we have B — o, 

.•.s = ut + ift« . 

From (i), i;® = «* -f zuft + = «* + 2 f{ut + 

= w* + 2/s» from (ii), 

... v2 = u2 + 2fs . 


(i) 


(ii) 


(iii) 
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These three equations are the equations of motion for a point 
or particle moving in a straight line with constant acceleration. 
They do not apply in cases where the acceleration is variable. It 
should be noticed that each equation contains / and three of the 
four quantities u, v, t, s, one of these being absent from each equation. 
These equations are of fundamental importance, and must be re- 
membered. In working problems we select the equations which 
contain the quantities we are given and the one we want to find. 


Example (i). 

A train which is moving with uniform acceleration is observed to take 
20 and 30 seconds to travel successive quarter miles. How much farther 
will it travel before coming to rest if the acceleration remains uniform ? 

We do not know what the initial velocity of the train is, but we 
are given two distances and two times. 

The train goes J mile, or 1320 feet, in 20 seconds, 

1320 = 20M -f i / • 400 . • (i) 

It also goes mile, or 2640 feet, in 50 seconds, 

.*. 2640 = 50W -f i/- 2500 . . . (ii) 

2« -h 20/= 132, 

5M -f 125/ = 264, 

whence / ~ M ft. /sec.*, 

and u = -- ft. /sec. 


We can now find the whole distance (including the two J miles) travelled 
before coming to rest. 


o = 


374* 

25 


14 

25 




374 X 374 
44 


374 X 34 
4 


3179 it., 


the further distance travelled is 

3179 — 2640 = 539 feet. 

Note. — In cases like this where the times taken to travel successive 
distances are given, write down one equation for the first distance, 
and the second equation for the sum of the two distances. If we 
consider the second J mile separately we have a different value 
for u. 


Example (ii). 

A train moves 2 miles from rest to rest in 4 minutes. The greatest 
speed is ^$m.p.h. and the acceleration and retardation are uniform. Find 
the distance travelled at full speed. 
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It must be noticed that we are not told that the acceleration and 
retardation are equal. 

Let $1, ti be the distance and time for which the acceleration is 
Ijet s^, tz be the distance and time for which the retardation is /a. 
I^t s, t be the distance and time at uniform speed. 

45 m.p.h. = 66 ft. /sec. 

66 = /,<„ and 5 , = = 33/., 

66 —— cind iS j “ 66^2 

= 66/2 - 33<.2 
= 33 ' 2 , 
also s — 66/, 

• f ^ I ’’2 33^1 L b6/ + 33/2 = 10560, 

/i + 2/ + Lj. = 320, 
also /i -h / + ^2 “ 240, 

80 seconds, 

the distance travelled at full speed = 66 X 8o 

~ 5280 feet, 

= I mile. 

The data do not enable us to find /j, /„ etc., separately. 


Example (iii). 

If an express train reduced speed from 60 m.p.h. to m.p.h. in half 
a mile, for how long were the brakes applied, and how much longer would 
it take to come to rest ? 

We must, of course, assume that the retardation due to the brakes 
is uniform, let this be /. 


60 m.p.h. = 88 ft. /sec., and 15 m.p.h. = 22 ft. /sec. 

Using — u* -}- 2/5, 

22^ = 88=* + 5280/, 

88* — 22* no X 66 

/ — ““ ^80 ■” 52S0 

= ~ ft. /sec.* 


Using y — w -f //, 
22 = 88 — 

66 X 8 

■ II 


48 sec. 


To find the time taken to come to rest, we have 


0 — 22 



, 22 X 8 


1 6 sec. 


r 


n 
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Example (iv). 

A cyclist riding at 12 m.p.h. passes a motor car just as it begins to 

move in the same direction. The car maintains an acceleration of i^ft.lsec* 

for 20 seconds, and then moves uniformly. How far will it have run before 

overtaking the cyclist ? 

The distance moved by the car during the 20 seconds is given by 
s — ^ . 400 = 300 ft. 

The velocity at the end of this time is given by 
V = . 20 == 30 ft. /sec., 

and the distance moved by the cyclist in this time is 

X 20 ~ 352 ft. 

The velocity of the car relative to the cyclist is 
30 — 8/ == ft. /sec. 

C2 X 

to gain 52 feet on the cyclist it takes - seconds, and in this time 
*>2 X *> X ^o 

it will have gone = 1255 f feet, or 425^ feet altogether. 

EXAMPLES V. 

1 . A cage goes down a mine shaft 750 yards deep in 45 seconds. For 

the first quarter of the distance only, the speed is being uniformly 
accelerated, and during the last quarter uniformly retsLrded, the 
acceleration and retardation being equal. Find the uniform speed 
of the cage while traversing the centre portion of the shaft. (I. A.) 

2. A train, starting from rest, is uniformly accelerated during the first 
J mile of its run, then runs f mile at the uniform speed acquired, 
and is afterwards brought to rest in J mile under uniform retarda- 
tion. If the time for the whole journey is 5 minutes, find the 
uniform acceleration and the uniform retardation in ft. -sec. units. 

(LA.) 

3. A point starts from rest with a constant acceleration which ceases 

after an interval. It then moves uniformly at 15 ft. /sec. for 10 
seconds, after which it is uniformly retarded and is brought to rest. 
If the whole motion occupies 16 seconds, prove that the distance 
traversed is 195 feet. The initial acceleration being 5 ft. /sec.*, find 
the final retardation. (LE*) 

4. A body, moving in a straight line with constant acceleration, passes 
over distances a, b, and c in equal consecutive intervals of time t. 
Find (i) the relation between a, b, and c ; (ii) the acceleration of 
the body ; (iii) its velocity at the start of part a of its path. 

(H.S.D.) 

5. The cage of a pit performs the first part of its descent with uniform 
acceleration / and the remainder with uniform retardation 2/. 
Prove that, if h is the depth of the shaft, and t the time of descent 

ft*. (I.E.) 

6. A particle moving in a straight line with uniform acceleration / 
passes a certain point with velocity u. Three seconds afterwards 
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ajiother particle, moving in the same straight line with constant 
acceleration passes the same point with velocity \u. The first 
particle is overtaken by the second when their velocities are respec- 
tively 27 and 31 ft. /sec. Find the values of u and /, and also the 
distance travelled from the point. (I S.) 

7. The brakes of a train are able to produce a retardation of 3*5 ft. /sec * 

If the train is travelling at 60 m.p.h., at what distance from a 
station should the brakes be applied, if it is desired to stop at the 
station ? If the brakes are put on at half this distance, with what 
speed will the train pass the station ? (H.S.D.) 

8. A cyclist A riding at 10 m.p.h. is overtaken and passed by B riding 

at 12 m.p.h. If A immediately increases his speed with uniform 
acceleration, show that he will catch B when his speed is 14 m.p.h. 
If, when he has increased his speed to 13 m.p.h., he continues to 
ride at this speed and catches B after he has gone 200 yards, find 
his acceleration. (I.E.) 

9. Two points P and Q move in the same straight line, being initially 
at rest and Q being 50 feet in front of P. Q starts from rest with 
an acceleration of 10 ft. /sec.®, and P starts in pursuit with a velocity 
of 29 ft. /sec. and an acceleration of 6 ft. /sec.® Prove that P will 
overtake and pass Q after an interval of 2 seconds, and that Q will 
in turn overtake P after a further interval of loj seconds. (H.S.D.) 

10. A lift ascends with constant acceleration /, then with constant 
velocity, and finally stops under a constant retardation /. If the 
total distance ascended is s, and the total time occupied is t, show 
that the time during which the lift is ascending with constant 
velocity is 

(<« - (H.S.D.) 

11. A point moving in a straight line describes 16 feet in the 2nd second 

of its motion, 28 feet in the 5th second, 52 feet in the iith second. 
Prove that these distances are consistent with the supposition that 
the motion of the point is uniformly accelerated ; also find the 
whole distance described in 10 seconds from the beginning of the 
motion. (H.C.) 

12. A point moving in a straight line covers 12 feet, 18 feet, and 42 feet 

in successive intervals of 3 seconds, 2 seconds, and 3 seconds. Prove 
that these distances are consistent with the supposition that the 
point is moving with uniform acceleration. (I. A.) 

13. A body starts with velocity u and moves in a straight line with 
constant acceleration /. 

If when the velocity has increased to the acceleration is 
reversed in direction, its magnitude being unaltered, prove that 
when the particle returns to its starting-point its velocity will be 
- 7«. (I.A.) 

14. The two ends of a train moving with constant acceleration pass a 

certain point with velocities u and v. Find in terms of u and v 
what proportion of the length of the train wjll have passed the 
point after a time equal to half that taken by the train to pass the 
point. (I.E.) 

15. A particle is moving in a straight line, and is observed to be at a 
distance a from a marked point initially, to be at a distance b 
after an interval of n seconds, to be at a distance c after 2n seconds, 
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and at a distance d after seconds. Prove that if the accelera- 
tion is uniform 

d~ a = ^{c - b), 

and that the acceleration is equal to 

c a — 2b 
«* ' 


find also the initial velocity. (I.S.) 

1 6. A train starts from A with uniform acceleration J ft. /sec.*. After 
2 minutes the train attains full speed, and moves uniformly for 
II minutes. It is then brought to rest at B by the brakes pro- 
ducing a constant retardation 5 ft. /sec.*. Find the distance AB. 

(H.C.) 

17. A train approaching a station does two successive quarters of a 

mile in 16 and 20 seconds respectively. Assuming the retardation 
to be uniform, prove that the train runs a further distance of 
1761 feet 10 inches before stopping. (H.C.) 

18. A particle traverses a distance of 300 yards in a straight line at an 

average speed of 12 ft. /sec., starting from rest and finishing at rest. 
It moves with a uniform acceleration for the first 10 seconds, and 
is brought to rest by a uniform retardation in the last 20 seconds 
of its motion, and moves at a uniform speed during the rest of its 
motion. Find the acceleration and retardation. (H.C.) 

19. Prove that, if a particle move with uniform acceleration, the spaces 
described in consecutive equal intervals of time are in arithmetical 
progression. 

It is observed that a particle describes 396 9 metres in 3 seconds, 
392*0 metres in the next 4 seconds, and 269*5 nietres in the next 
5 seconds. Show that this is consistent with the particle moving 
with uniform retardation and find the time before it comes to rest. 

(I.S.) 

20. A train starting from rest travels the first part of its journey with 

constant acceleration /, the second part with constant speed v, and 
the third part with constant retardation /', being brought thereby 
again to rest. If the average speed for the whole journey is Jt;, 
show that the train is travelling at constant speed for three-quarters 
of the total time. Find also what fraction of the whole distance 
is described with constant speed. (LS.) 

21. A train is uniformly accelerated and passes successive milestones 

with velocities 10 m.p.h. and 20 m.p.h. respectively. Calculate 
the velocity when it passes the next milestone, and the times taken 
for each of these two intervals of i mile. (H.S.D.) 

22. A train, moving with uniform acceleration, is observed to cover two 

consecutive half-miles in 60 seconds and 40 seconds respectively. 
Find the acceleration of the train, and show that it started from 
rest 70 seconds before the first observation, and that during that 
time it covered 1078 feet. (Q E.) 

23. A train passes another on a parallel track ; the first is running at a 

uniform speed of 40 m.p.h., and the second is running at a speed 
of 10 m.p.h,, with an acceleration of J ft. /sec.*. How long will it 
be before the second train catches the first again, and how far will 
the trains run in the interval ? (Q*E.) 
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24. An electric car travelling between two stopping places 500 yards 
apart is uniformly accelerated for the first 10 seconds, during 
which period it covers 100 feet. It then runs with constant speed 
until it is finally retarded uniformly in the last 50 feet. Calculate 
the maximum speed and the time taken over the journey. (Q E.) 

25. A particle moving in a straight line with constant retardation starts 

from a point O with such velocity that in 3 seconds it is 75 feet 
east of O, and in 5 seconds it is 45 feet east of O ; prove that it 
will have reached its most easterly position in 3,2^^ seconds, and 
find its position 8 seconds after it leaves O. (N.U.3.) 

26. A train starts from rest and is uniformly accelerated for 2 minutes ; 

it then travels at constant speed for 56 minutes, and is subsequently 
uniformly retarded during a further 2 minutes, at the end of which 
time its velocity is one-third of the value of the constant speed 
with which it was travelling before retardation. If the total 
distance traversed during the hour is 42 miles, find the value of 
the constant maximum velocity, and draw a space-time diagram 
of the motion. (C.W.B.) 

§ 45. When the acceleration is variable, but follows some known 
law, we can obtain the equation of motion in the same way as for 

dh 

the simple case of constant acceleration, i.e. by equating ^ to the 

expression for the acceleration, but integration is required to obtain 
the solution. 

These cases are harder, and will be postponed to a later chapter. 
In some cases of variable acceleration, especially those where, 
instead of a definite law, we are given a series of values of distances 
and times, or velocities and times, grapjiical methods may be used. 
We plot graphs connecting the quantities given, and obtain from 
them the other quantities connected with the motion. 

There are several graphs which can be used in this way. 

§ 46. Space-time Curve. 

If we plot successive intervals of time along OX (Fig. 26), and 



Fig. 26. 


the corresponding distances from some fixed point parallel to OY, 
we obtain a curve APB. 

If PM is the ordinate at P, then PM represents the distance of 
the point at the time represented by OM. 
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The slope of the curve at P is and therefore represents the 

velocity at P, i.e. at the time represented by CM. 

Hence, by finding the slopes at different points on the curve we 
obtain the velocities (or speeds) at different times. 

If we then plot the speed and time as in the next paragraph, 
we get the speed-time curve, and from this we can find the accelera- 
tion and the distance travelled. 


§47. Speed-time Curve. 

If we plot successive intervals of time along OX (Fig. 27) and the 



corresponding velocities parallel to OY we shall obtain a curve 
APB. 

If PM is the ordinate at P, then PM represents the velocity at 
the time represented by OM. 

dv 

Since acceleration — the slope of the curve APB at any point 

represents the acceleration at that point. 

When the acceleration is uniform, the curve is a straight line. 
If we take a point Q very close to P and draw the ordinate QN 
so that MN = 8 t, then the area of the strip PMNQ is very nearly 
PM X Si = vSt, where v is the value of the velocity at P, and this 
product represents the space described in the interval St. 

Ci% 

Hence, the space described between any two times and 1 vdi, 

Jti 

the area under the curve APB between the ordinates at and /j- 


Y 

A 

t 



V 


B 


0 


M t 

Fig 28. 


X 
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When the acceleration is uniform and equal to /, the curve AB 
is a straight line (Fig. 28), and the space described in time t (= OM) 
is the area OMPA = PAL + rectangle OMLA. Now OA = w, the 
initial velocity, and PL = ft the increment in time t. 

PAL = \ft X 
and OMLA == ut, 

space = «/ -f- \ft^. 


§ 48. Acceleration-time Curve. 


Y 

f 


B 



lA 


M N — 

Fig. 29. 


X 


If we plot time along OX (Fig. 29) and the corresponding values 
of the acceleration parallel to OY we get the acceleration-time curve 
APB. The ordinate PM gives the value of the acceleration / at 
time OM = U If we take a point Q on the curve close to P and 
draw the ordinate QN so that MN = U, then the area PMNQ is 
very nearly equal to fit, and this represents the change in velocity 
in the interval St. 

The change in velocity between any two times and /g is 



the area under the curve APB between the ordinates at ti and /g- 


§49. Acceleration-space Curve. 
Y 

t 

/, 


ni 1 — I — I X 

L M N S-*- ^ 

Fig, 30. 

This curve is obtained by plotting acceleration against distance. 
The ordinate PM (Fig. 30) at any point P gives the a^cceleration / at 
distance OM from the starting-point. 
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Now we have seen that the acceleration at any instant is 

dv dv 
di "Ss’ 

and the area under the curve between any two ordinates AL and 
BN is 

\fds. 

taken between the limits OL and ON for s. 

But this is the same as or taken between the values of 

V at A and B. 

i.e. the area under the curve gives the change in \v^. 


§ 50. Other Curves for Motion with Variable Acceleration. 

If we are given the velocities of a point at different distances 
from its starting-point, we can plot a velocity-space curve, but the 
area and slope of this curve do not represent anything in connection 
with the motion as they do in the previous cases. (The slope, of 
course, represents the rate of space change of the velocity, but this 
is not the acceleration.) 

dv 

Now, the acceleration is v-j-, and this is the same as 

ds 



Hence, if we plot against s, the slope of the resulting curve gives 
the acceleration at any distance. 

Again, since 

ds 

" = dr 

V ds* 
dt ds. 

V 


Hence, if we plot ™ against s, the area under this curve gives the 

time required to describe a given distance. 

Since 


/= 


dv 
di* 
1 _ di 

J~~di* 
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Hence, if we plot - against v, the area under this curve gives the 
time required to cause a given change in velocity. 


§ 61 . Example (i). 

Draw the velocity-time graph of a point describing a straight line with 
uniform acceleration, and deduce the formula v* = u* 2 fs. 



If A (Fig. 31) represent the initial velocity, then, since the increments 
in velocity during equal intervals of time are the same, the graph is a 
straight line AB. 

The height of any point P above A is equal to the acceleration 
multiplied by the time represented by OM. 

The area under the graph gives the distance travelled. 

If B represents velocity v, then the area OABC represents the 
distance s. 


Now area 


and 


OABC - i(OA -f CB) . OC, 

C B - OA = / X OC. 

CB - OA, 


•. OC 


/ 

1 (CB -f OA)(CB - OA) 

2 • T 

I (CB> - OA») I V* - tt* 


2 / 

. V* = 4- 2fs. 


Example (ii). 

A train starts from a station A to reach another station B, at a distance 
c from A ; the motion is at first uniformly accelerated for a given time t ; 
the velocity then remains constant for a given time t' ; and is then uniformly 
retarded for a time f* . Represent the motion in a diagram, and by means 
of the diagram find the values of the acceleration and the retardation. 

Let OABC (Fig. 32) represent the velocity- time graph, then AB is 
horizontal. 
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Draw AD, BE perpendicular to OX. 

Then c — area OABC, 

== AD/' + JAD(/ r), 
_ AD(/ + r -f 2/') 

2 


AD = 

Now the acceleration 


/ -f r 4- 2/' 

= the slope of OA, 


OD' 


— 2^: 

~ t{t + <' + 2/') 

The retardation = the slope of BC, 

= 5 ? 

EC' 


_ 2C 

■“ r(/-f r 4- 2?) ' 

EXAMPLES VI. 

1 . Explain how the acceleration and the space covered may be obtained 
from the velocity -time diagram of a particle moving in a straight 
line. 

The velocity-time diagram consists of two straight lines AB, 
BC, where the co-ordinates of A, B, C are (o, lo), (lo, lo), (20, 25), 
the first co-ordinate in each case being the time in seconds and 
the second co-ordinate the velocity in ft. /sec. Describe the motion 
of the particle and find the total distance covered. (H.C.) 

2. If a sprinter can start with a velocity of 20 ft./sec., and run with 

uniform acceleration, find, graphically, the greatest speed attained 
in running the 100 yards in 10 seconds, and the necessary accelera- 
tion. (LA.) 

3. A train approaching a station does two successive quarters of a 

mile in 16 and 20 seconds respectively. Assuming the retardation 
to be uniform, draw a graph to show the variation of the velocity 
with the time during this interval of 36 seconds. (H.C.) 



40 


INTERMEDIATE MEC HANK S 


4. The distance between two stations is 2000 yards. An electric train 
starts from rest at one station with a uniform acceleration of 1*5 
f.s. units ; it comes to rest at the other station with a uniform 
retardation of 2-5 f.s. units, and the speed for the intermediate 
portion of the journey is constant. Sketch the general form of the 
velocity-time graph, and find what the constant velocity must 
amount to if the journey is to be completed in 3 minutes. (Q-E ) 

5. A car is running steadily at 10 ft. /sec. ; it then accelerates in such 

a way that for 200 feet the velocity increases by i ft. /sec. for each 
10 feet traversed. The acceleration then ceases. Draw curves 
showing the relation of i/ to 5 and / to 5. What does the area of 
the latter curve denote ? (Q E.) 

6. A train starts from rest with an acceleration of 0-9 ft. /sec.* which 
decreases uniformly with the time until the train is travelling at 
full speed after 3 minutes. The train is then pulled up with a 
uniform retardation, and is stationary after a further 1*2 minutes. 
Plot the acceleration-time, velocity-time and distance-time graphs. 
Record the values of the retardation, velocity, and distance from 
the starting-point, at the instant when the brakes are applied. 

(Q-E.) 

7. A train starts from a station, and for the first mile moves with a 
uniform acceleration, then for the next 2 miles with a uniform 
speed, and finally for another mile with uniform retardation, before 
coming to rest in the next station. The journey takes 8 minutes. 
Draw a graph showing how the speed varies with the time and from 
it find the maximum value of the speed. 

8. The speed of a train for the first minute of its motion is given by 
the following table : — 

Time in seconds 05 10 20 30 40 50 60 

Speed in ft. /sec. o 8-5 14*6 23 29*2 33*6 37 39 

Find the distance travelled in the first minute and also the 
time in which the train travels the first half of that distance. (Q E.) 

9. The relation between the velocity and the distance for a tramcar 
starting from rest is given in the following table : — 

Velocity in ft. /sec. o 6 ii 15 18 20*5 22-3 23 8 24-8 25-5 26 
Distance in feet . o 15 30 45 60 75 90 105 120 135 150 

Plot the velocity-distance curve, and show how to obtain the 
acceleration-distance curve from it. What is the acceleration in 
ft./sec. units at the mean distance ? (Q E.) 

10. The relation between distance and time for a car starting from rest 
is given in the table : — 

Time in seconds .0 10 20 30 40 50 60 70 

Distance in feet .0 36 160 395 660 880 1040 1160 

Plot a distance-time curve, and deduce the velocity-time and 
acceleration-time curves for the first 60 seconds. 

11. A car starts from rest and its velocity at the end of intervals of 
10 seconds during the first minute is 13, 20-5, 25, 28, 29*5. and 
30 ft./sec. respectively. 

Plot the velocity-time graph and derive the velocity-distance 
graph. Thence obtain the mean values of the velocity during the 
first minute (i) with respect to time, (ii) with respect to distance. 

(Q.E.) 
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12. The speed of a train at intervals of i minute in a journey of 

8 minutes are o, ii, 21, 28, 30, 30, 26, 15, o miles per hour respec- 
tively. Draw the velocity-time graph, and estimate in miles the 
total distance travelled. Find the retardation in ft. per sec. per 
sec. at the end of the journey. (N.U.3) 

13. The velocity, v ft. /sec. of a car decreases with the time, t seconds, 
according to the formula 

y == 40 — /*. 

Draw a velocity- time graph from t — o to t y. Find by 
graphical methods the distance travelled from / = 3 to / = 6 and 
the mean retardation in the same interval of time. (N.U.3) 

14. A train travelling at 37-5 ft. /sec. has steam shut off and brakes 
applied ; its speed in feet per second after / seconds is given by 
the formula 

^ ^ 37 5 — ^ + 0-005^2. 

Draw a time-speed graph from t — o to / = 50. Find the 
mean retardation during the 50 seconds and the instantaneous 
retardation at / — o. (N.U.3) 

15. The motion of a car on a track is found to be as given in the following 
table, in which the distance corresponding to a given time t is 
recorded : — 

t (seconds) 345 678 

s (feet) .58 73 92 1 15 142 173 

Plot these values on a distance-time graph, and draw a smooth 
curve to represent this graph. 

Determine from this curve the velocity of the car at the end 
of the 4th, 5th, 6th, and 7th seconds, and draw the velocity-time 
graph for this part of the motion. (N.U.3) 

16. A graph is obtained by plotting the reciprocal of the velocity (v) 
of a moving point against the distance (5) measured from some 
fixed point. Prove that the time taken to travel between two 
given distances is represented by the area between the graph, 

the axis of s and the two ordinates of the ^ curve corresponding to 

the two given distances. 

If s and V are given by the following table : — 

s 0*25 I 1*44 4 6*25 8*41 1024 

y I 2 2-4 4 5 5*8 6*4 

Find the time between the distances i foot and 8-41 feet. (N.U.3) 

17. Two engines A, B, each having constant acceleration, are moving 
in the same direction along parallel sets of rails. When A passes 
B the speeds are respectively 20 and 10 m.p.h. Two minutes later 
B passes A, and B is then moving at 45 m.p.h. Draw the speed- 
time graphs and determine (i) the distance between the two places 
at which the engines overtake each other, (ii) the speed of A when 
B overtakes it, (iii) the instant at which the engines are moving 
with equal speeds, and the distance between them at this instant. 

(N.U.3) 

18. A point moves on a line in such a way that its velocity v at time t 
is given by the following table : — 



42 


INTERMEDIATE MECHANICS 


t (sec.) .0123456789 10 

V (in./sec.) o 29 55 62 68 63 55 52 40 32 30 

Plot these values on a suitable graph, and deduce the space- 
time graph of the motion. (C.W.B.) 


§ 52 . Example (i). 

A tug leaves a port to intercept a liner, which is proceeding with uniform 
speed ti m.p.h. on a straight course which, at the nearest point, is a miles 
from the port. The tug starts when the liner is h miles from the port, and 
has not yet reached the nearest point. Prove that the least uniform speed 

au 

the tug must have in order to reach the liner is — . 

h 


( au\ 
u'^ V the liner 

on a part of her course in which the tug can intercept her for 


2 y/b^v^ ~~ a*u* 


hours. 



Let P (Fig. 33) be the position of the port, Q that of the liner, and 
QC the course, C being the nearest point to P. 

Keduce Q to rest by applying velocities, equal and opposite to u, 
to Q and P. 

Then if the tug is to reach Q the resultant of its velocity v and u 
reversed must lie along PQ, and if PR represents this reversed velocity 
it is obvious that the least value of v in order that the resultant of PR 
and V may lie along PQ is RS where RS is perpendicular to PQ. 

Also RS = u sin RPS = 

0 

The resultant velocity of the tug is PS = u cos a, 

^ a/6 * - a*. 

If p is greater than this value but less than u the tug can intercept 
the liner at any point within certain limits of its course, and we want 
to find the least and greatest times taken to meet it. These will be 
when the tug has its least and greatest velocities relative to the liner 
which are consistent with intercepting it. To find these we take R as 
centre and radius v and draw a circle to cut PQ. The circle will now 
cut PQ in two points, T and T', equidistant from S, and PT, PT' are 
the least and greatest relative velocities. 
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The difterence in times required is given by 

b b _ 2ST.6 
PT PT' “ PT . PT' 

Now ST- - RT- RS=^ 

" *’■ ~ ~W' 

and PT . PI ' PS^ - S 1 '^ 

PR- RT- 

- 14- — V*. 


zVb-v- a-u- 

diirerence in times - 

H- — v- 


Example (ii). 

To a person travelling due E. the wind appears to come from a direction 
N. a° W . ; when he travels due N . at the same speed as before, the wind 
apparently makes IV. with the A^ Show that the actual direction of the 
wind is N . 6 ^ W. where 


tan d — 


tan a — 1 
i - cot jS 


(H.S.C ) 


N 



Fig. 34. 


Let u be the velocity of the person and v that of the wind. The 
components of v are v sin 6 towards E. (Fig. 34) and v cos B towards S. 

The apparent velocity of the wind in each case is the resultant of 
V and u reversed. 
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Now, when u is due E., the components of apparent velocity are 
{v sin e — u) due E., and v cos $ due S. 

V sin ^ — w ... 

■ . . . (i) 

When u is due N. the components of apparent velocity are v sin 6 
due E., and {v cos 6 u) due S. 

V sin 0 

••• tan p = A -L. .. . • • • (n) 


• • vcosd + u ■ 

These equations give 

V cos 6 tan ol = v sin 0 — u, 
and V cos 0 tan p ~ v sin 0 — u tan 

u 

cos 0 tan a == sin 0 , 


and cos ^ = sin ^ cot B , 

V 


cos 0 (tan a — i) — sin 0{i — cot jS), 
tan a — I 
••• ® = j-M T 

Example (iii). 

The relative velocity of the ends H and M of the hour and minute hands 
of a watch is calculated (i) relatively to the face, and (ii) relatively to the 
seconds hand. Prove that the values obtained are different, their vector 

TtX 

difference being — ft. j sec. perpendicular to HM, if x feet is the length of 
HM. 



Fir.. 35. 

Let OM, OH (Fig. 35) represent the minute and hour hands. 
The angular velocities of the hands are 

for the seconds hand 

60 

for the minute hand -2^. 

3600 

for the hour hand — 

12 X 3600 

The velocities of M and H relative to the face are 


OM perpendicular to OM, 

— ^ 2it 

12~ ^36 oo perpendicular to OH. 
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Their relative velocity is 


OM 


27r 


~ OH: 


(i) 


'3600 ^^*12x3600 

The angular velocities of OM and OH relative to the seconds hand 


are 


59 X 27 t 
3600 


and — 


719 X 2ir 
12 X 3600' 


hence the velocities of M and H relative to the seconds hand are 


<0 X 2 IT 

— OM ^ - perpendicular to OM, 

~ ^ perpendicular to OH. 


Their relative velocity is 


OM 


59J<Ji7 

3600 


TOH 


719 X 2n 

12 X 3600 


This value differs from (i) by 


or 

or 


OM 


60 X 27 r 

3600 


OH 


720 X 2 n 
12 X 3600' 




^(OM - OH). 


(») 


Now OM — OH = HM, and since the velocities are perpendicular 
to OH and OM their difference will be perpendicular to HM, and its 
value is 

~ ft. /sec. 

30 


EXAMPLES VIL 

1. An express train, timed to run at a full speed of 60 m.p.h. over a 

certain section of its journey, is checked tp 15 m.p.h. over a mile 
of road under repair. The train takes i mile from rest to get up 
full speed and J mile in which to reduce speed from 60 to 15 m.p.h. 
Assuming uniform acceleration and retardation, find how much 
time is lost by the check. (H.S.C.) 

2. The maximum possible acceleration of a certain body is 2 ft. /sec.*, 
and its maximum possible retardation is 8 ft. /sec.* What is the 
least time in which it can travel i mile from rest to rest ? (LE ) 

3. A circular disc rotates in its own plane about its centre O with 

uniform angular velocity. Show that the relative velocity of any 
two points on the disc is proportional to the distance between them, 
and find that point on a given radius OA whose velocity relative 
to another given point B of the disc is least, considering both the 
cases when the angle AOB is less than a right angle, and when 
it is greater, (H.S.C.) 
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4. A man can swim at a speed u relative to the water in a river flowing 
with speed v. Prove that it will take him 

u 

Vu* — V* 

times as long to swim a certain distance up-stream and back as to 
swim the same distance and back perpendicular to the direction 
of the stream. What happens if v is greater than u ? (H.S.C.) 

5. A bullet is fired through three screens placed at equal intervals of 

a feet, and the times of passing the screens are t^, seconds 

reckoned from the moment the bullet leaves the gun. Assuming 
that the retardation is uniform, prove that it is equal to 

2a{t^ - 2t^ -f t^) 

ih - h){t, ~ - t,y (H.S.C.) 


6 . 


7 - 


Three steamers, A, B, C, are travelling at the rates of 12 knots, 
9 knots, and 15 knots respectively. When they form a triangle 
in which AB = 4 miles, BC — 3 miles, CA = 5 miles, the velocity 
of C relative to A is along CB, and that of B relative to C is along 
BA. If it is known that A is actually moving in the direction AB, 
find the real directions of B and C, and the direction of A's motion 
relative to B. (Ex.) 


Two bodies move in concentric circles, of centre O and radii a, b, 
with uniform speeds w, v, in the same sense. If P, Q be the posi- 
tions of the bodies at a moment when their relative velocity is 
along the line joining them, obtain expressions for the ratios b : a 
and V : u in terms of the angles of the triangle OPQ ; and, if angle 
POQ — 6 show that 


cos $ 


au -f bv 
bu -j- av‘ 


(I.S.) 


8. An aeroplane has a speed of v m.p.h. and a range of action (out 
and home) of R miles in calm weather. Prove that in a north 
wind of w miles per hour, its range of action in a direction $ east 
of north is 

R(t;« -- w^) 
v{v* — w* sin* ^)i’ 

Find also the direction in which its range is a maximum. (C.S.) 

9. Two stopping points of an electric tramcar are 440 yards apart. 

The maximum speed of the car is 20 m.p.h., and it covers the 
distance between stops in 75 seconds. If both acceleration and 
retardation are uniform and the latter is twice as great as the 
former, find the value of each of them, and also how far the car 
runs at its maximum speed. (C.S.) 

10. An aeroplane which travels at the rate of 80 m.p.h. in still air starts 
from A to go to B, which is 200 miles distant N.E. of A. If there 
is a wind blowing from the N. at 20 m.p.h., determine the direction 
in which the aeroplane must move, and the time required. 

If at the end of an hour the wind drops to 5 m.p.h., determine 
the position relatively to B of the aeroplane at the time it should 
have arrived at B. Prove that, provided the velocity of the wind 
remains fixed in direction and magnitude, all points attainable 
by an aeroplane in a given time lie on a circle whose radius is 
independent of the wind. (C.S.) 
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11. A submarine sights a steamer proceeding on a due west to east 

course. The submarine is proceeding in a due S.W. to N.E. course 
at lo m.p.h., and the steamer bears N.W. of the submarine all the 
while. The submarine stops when she is 7 miles from the ship, 
and after a short interval, fires a torpedo whose velocity is 30 m.p.h. 
in a direction due north. How long after stopping must she fire 
to make a hit ? (Q E.; 

12. Two racing boats are moving at qJ and 10 m.p.h. respectively, the 

nose of the faster boat being 15 feet from the rudder of the slower 
one in a direction at right angles to the latter's course. If both 
boats are following straight courses, find the angle between them 
in order that a collision may occur in the shortest possible time. 
Find also what angle would cause the nose of the faster boat to 
cross the track of the slower one 3 feet astern of it. (Q E.) 

13. A tug leaves port to intercept a liner, which is proceeding at 15 

knots on a straight course which at the nearest point is 3 miles 
from the port, at the time when the liner is exactly 4 miles from 
the port and has not yet reached the nearest point. What is the 
minimum uniform speed which the tug must have in order to meet 
the liner ? If the tug can do 12 knots, for how long is the liner 
on a part of its course where the tug could intercept it ? (i knot = 
1-152 m.p.h.) (Q.E.) 

14. A train, timed to run at a full speed of 54 m.p.h. has to reduce its 

speed to 18 m.p.h. over a mile of track under repair. The uniform 
retardation and acceleration of the train are the same as when 
stopping and starting. The train travels i mile in attaining full 
speed from rest, and a quarter of a mile in being brought to rest 
again. Calculate the time lost by the train owing to the track 
repair. Indicate (not to scale) the velocity- time and acceleration- 
time graphs. (QE.) 

15. The velocity of a body increases uniformly with the distance 

travelled, and is 15 m.p.h. at a distance of 60 feet from the start. 
Find, graphically, the time taken to travel the last 30 feet, and 
the acceleration at 60 feet. (Q E ) 

16. A train passes a station A at 30 m.p.h., maintains this speed for 
4J miles, and is then uniformly retarded, stopping at B, which is 
5 miles from A. A second train starts from A at the instant the 
first train passes, and, being uniformly accelerated for part of the 
journey and uniformly retarded for the rest, reaches B at the same 
instant as the first train. What is the greatest speed on the 
journey ? 

If the second train, after a certain uniform acceleration, runs 
at constant speed for i mile, and is then uniformly retarded, so 
that it reaches B with the first train, what is the value of the con- 
stant speed ? (Q E.) 

Vertical Motion under Gravity. 

§ 58. Acceleration of Falling Bodies. 

When a heavy body is falling towards the earth, it is well known 
that its speed increases as it falls, or that it moves with an acceleration. 

It has been shown by numerous experiments that, if the body is 
free from air resistance, this acceleration is always the same at the 
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same place, but that it varies sUghtly for different places. The 
acceleration is also independent of the mass of the body. 

The value of this acceleration, which is called the “ acceleration 
due to gravity,” is denoted by “ Its numerical value in foot- 
second units in the latitude of London is about 32*19. At the 
equator it is about 32*091. 

In centimetre-second units the value in London is about 981*17, 
and at the equator about 978. 

(In numerical examples, unless otherwise stated, the value of 
g may be taken as 32 ft. /sec.®, or 981 cm. /sec.® ; the motion may.be 
supposed to be in vact 40 .) 

§ 54. Vertical Motion under Gravity. 

When a body is projected vertically upwards we regard the 
upward direction as the positive direction, and the body will experi- 
ence a retardation or negative acceleration g. If u is the initial 
velocity of projection, the equations for motion with constant 
acceleration thus become 

V = u —gt . . . . (i) 

s=^ui- Igfi . . . (ii) 

v® = «® — 2 gs .... (iii) 

§ 55. At the highest ix)int it is clear that the velocity v must be 
zero, so that by putting 1; = o in equation (i) we get the time taken 
to reach the highest point, 

o =: u — gt, or t = 

g 

Equation (iii) gives the greatest height, 

w® 

o = 1^2 __ 2gs, or s = — . 

^ 2g 

After reaching the highest point, the body begins to descend, 
and its speed increases. 

§ 56. The velocity on returning to the point from which it was 
projected is given by putting s = o in equation (iii), and then 

v® = u\ 
i.e. V = ±u. 

The + sign gives the velocity on starting, and the — sign the 
velocity on returning to the point of projection. The magnitude is 
the same as that of the velocity of projection, but the body is now 
moving downwards, 

§ 57. The time of flight is obtained by putting s = 0 in equation 
(ii), and this gives 
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o = ut- 

t — o, or t = — . 

g 

There are two values of t corresponding to the height s = o, the 
value / = o obviously refers to the time of projection, while the 

value — gives the time required to return to the point of projection, 
g 

i.e. the time of flight. 

Notice that this is twice the time to the greatest height. 

For any given height (less than the greatest) above the point of 
projection equation (ii) will give two values of t, one the time taken 
to reach that height on the way up, the other the time on the way 
down. 

§ 58 . If we require the time taken to reach a point below the point 
of projection (when the body is projected upwards), we need not 
find the time up and down to the point of projection, and then the 
time taken to reach the point below. We simply substitute the 
distance below the point of projection for s in equation (ii), giving 
it a negative sign, as in the following example : — 

A body is projected vertically upwards with velocity 24 ft, J sec, : 
how long will it take to reach a point 280 feet below the point of pro- 
jection ? 

Using s = ut — \g^, 
s == — 280, « = 24, g = 32, 

.-. — 280 — 24/ — 16/*, 

.*. 16* — 24/ — 280 — o, 

.-. 2/2 _ 3/ _ 35 = o, 

( 2 < + 7 ){t - 5 ) = o, 

/ = 5 , or/= — 1 . 

The latter value is obviously impossible, and the required time is 
5 seconds. (The value | is, as a matter of fact, the time that would 
be taken if the body were projected downwards,) 

§ 69 . Velocity due to falling a given vertical height from rest. 

The positive direction is now downwards, and the equation of 
motion is 

v* = w* -f 2gS. 

If the height is A, then w = o, since the body starts from rest, and 
the velocity acquired is given by 

v* = 2gA, 

V == V2gh, 

This is also the velocity required to take the body to a height A when 
projected vertically upwards. 
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EXAMPLES VIII. 


1. A body is projected vertically upwards with a velocity of 6o ft. /sec. ; 
find (i) how high it will go ; (ii) what times elapse before it is at a 
height of 36 feet. 

2. A body is projected vertically upwards with a velocity of 80 ft. /sec. ; 
find (i) when its velocity will be 16 ft. /sec. ; (ii) how long it takes 
to return to the point of projection ; (iii) at what times it will be 
64 feet above the point of projection. 

3. A body falls from rest ; find (i) how far it will fall in 10 seconds ; 
(ii) how long it takes to fall 100 feet ; (iii) its velocity after falling 
100 feet. 

4. A body is projected vertically downwards from the top of a tower 
with a velocity of 40 ft. /sec., and takes 3 seconds to reach the 
ground. What is the height of the tower ? 

5. A body is projected vertically upwards with a velocity of 96 ft. /sec. 
Find (i) how long it takes to reach its highest point ; (ii) the dis- 
tance it ascends during the third second of its motion. 

6. A body falls from rest from the top of a tower, and during the 
last second it falls ^ of the whole distance. Find the height 
of the tower. 

7. A body is projected vertically upwards with a certain velocity, 
and it is found that when it is 1344 feet from the ground it takes 
8 seconds to return to the same point again. Find the velocity of 
projection and the whole time of flight. 

8. A block falls from a mast-head, and is observed to take ^ second 
in falling from the deck to the bottom of the hold, a distance of 
25 feet. Calculate the height of the mast-head above the deck. 

(I.S.) 

9. A particle is projected vertically upwards, and t seconds afterwards 

another particle is projected vertically upwards with the same 
initial velocity. Prove that their velocities when meeting will be 
each gL (H.S.D.) 

10. A particle is projected vertically upwards with a velocity of u 
ft. /sec., and after t seconds another particle is projected upwards 
from the same point and with the same initial velocity. Prove 
that the particles will meet after a lapse of 


from the instant of projection of the first particle. (H.S.D.) 

II. A particle is projected vertically upwards with a velocity of u 
ft. /sec., and after an interval of i seconds another particle is pro- 
jected upwards from the same point and with the same initial 
velocity. Prove that they will meet at a height Of 


4t<» — gH* 


feet. 


(LE.) 


12. If a stone falls past a window 8 feet high in half a second, find the 

height from which the stone fell. (H.C.) 

13. A ball is thrown vertically upwards with a velocity of 56 ft. /sec. ; 
find its height when it is moving at the rate of 40 ft. /sec., and find 
the time between the instants at which it is at this height. (H.C.) 
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14. A particle projected vertically downwards descends 300 feet in 
4 seconds. Show that it describes the last 100 feet in a little less 
than ^ second. 

15. A particle is projected vertically upwards and at the same instant 

another is let fall to meet it. Show that, if the particles have 
equal velocities when they impinge, one of them has travelled 
three times as far as the other. (H.C.) 

16. A ball is thrown vertically upwards with a speed of 128 ft. /sec. 
Find where it is after 5 seconds, and the total distance it has 
actually travelled. If it falls past the point of projection into a 
well of depth 120 feet, find when it strikes the bottom. {N.U.3) 


§ 60. Motion down a smooth Inclined Plane. 

A 



Fig. 36. 


Let ABC (Fig. 36) represent the vertical section of a smooth plane 
inclined at an angle a to the horizontal, and P a particle on the 
plane. The line AB represents a line of greatest slope on the plane. 
The vertical acceleration g of P can be resolved into two com- 
ponents : — 

(i) An acceleration g sin a down the plane ; 

(ii) An acceleration g cos a perpendicular to the plane. 

It is obvious that the plane prevents motion perpendicular to 
itself, so that the particle moves down the plane with acceleration 
g sin a. 

If I is the length of the plane AB, the velocity acquired in sliding 
from rest from A to B is obtained from the equation 

v* = + 2/s, 

by putting « == 0, / = g sin a, and s = / ; 

. v* = 2g sin a . / = 2gA, where h = AC, 

V = V 2 gS. 

It is therefore the same as the velocity acquired in falling freely 
through a vertical height equal to that of the plane. The time 
taken to slide down AB is not the same, however, as that taken to 
fall freely through AC. 
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The time taken to slide down AB is obtained from the equation 

s = «< + 

by putting s = /, « = o, / = g sin a, 

/ = ig sin a . /*, 

V ^ Sin a 

The time taken to fall from A to C is given by 

7 1 / 2 / sin a 

A = ig<*, or/ = y- = y-y-. 

If the particle is projected up the plane, we simply use the ordinary 
equations of motion (§ 44) and put / — — g sin a. 

If the particle is made to slide down the plane in a direction 
inclined to a line of greatest slope (e.g. in a smooth groove), the 
acceleration is no longer g sin a, but g sin a cos where p is the 
inclination of the direction of motion to the line of greatest slope. 


Example. 

A particle is projected (a) upwards, (b) downwards, on a plane inclined 
to the horizontal at 30° ; if the initial velocity be 16 ft. j sec., in each case, 
find the distances described and the velocities acquired in 4 seconds. 

(а) For motion up the plane we have 

V = u — gsin ^0% 

s ===: ut = ig sin 30®/*, 

V = 16 — . 4 = — 48 ft. /sec., 

2 

5 = 16x4— — , 16 = — 64 feet, 

2x2 

i.e. the body is moving down the plane with a velocity of 48 ft. /sec., 
and is 64 feet below the point from which it started. 

(б) For motion down the plane 

1/ = -f g sin 30°^, 
s = ut -i- ig sin 30®^*, 

.*. z; = 16 4- ~ . 4 = So ft./sec., 

2 

s = 16.4 4- 16 = 102 feet. 

2x2 


EXAMPLES IX. 

1. A particle is projected with a velocity of 60 ft./sec. up a smooth 
inclined plane of inclination 30® ; find the distance described up 
the plane, and the time that elapses before it comes to rest. 

2. A particle sliding down a smooth plane, 12^ feet long, acquired a 
velocity of 20 ft./sec. ; find the inclination of the plane. 
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3. A particle slides from rest down a smooth inclined plane which is 

40 feet long and 9 feet high. What is its velocity on reaching the 
bottom of the plane, and how long does it take to get there ? 

4. Two particles start together from a point O and slide down smooth 

straight wires inclined at angles 30°, 60® to the vertical, and in the 
same vertical plane and on the same side of the vertical through O. 
Show that the relative acceleration of the second particle with respect 
to the first is vertical and equal to g/2. (LS.) 

5. A smooth inclined plane of length I and height h is fixed on a hori- 

zontal plane. Find the velocity with which a particle must be 
projected down the plane from the top in order that it may reach 
the horizontal plane in the same time as a particle let fall vertically 
from the top. Show that if the particles are of equal mass their 
kinetic energies will increase by the same amount. (H.S.D.) 

6. A long hollow straight tube AB, smooth inside, lies fixed on an 
inclined plane at an angle ^ with the lines of greatest slope, these 
being at an angle a to the horizontal. A smooth particle is put in 
at the uppe r end A and allowed to slide down. Find the distance 
it travels in t seconds, and the locus of all such points for different 
values of the end A always remaining at the same place. (H.S.C.) 

§ 61, The time taken by a body to slide down any smooth chord of 
a vertical circle, starting from the highest point, or ending at the lowest 
point of the circle, is constant. 


A 



Let AB (Fig. 37 ) be a diameter of a vertical circle, of which A 
is the highest point, and AC any chord. 

Let BAC — 0, and AB = d, then AC == AB cos B d cos B. 

The acceleration down AC is g cos B, and the time t taken to 
slide down AC from rest is obtained from 


by putting 


S-=Ut + 

s d cos B, u = o, f = g cos B, 
d cos B = cos B . 
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Now, this is independent of B, and it is easy to show that it is 
the same as the time taken to fall vertically from A to B. 

The time taken to slide down all chords of the circle from A is 
therefore the same. 

Let DB be any chord ending at B, and ABD = a. 

The length of DB is d cos a, and the acceleration down DB is 
g cos a. 

The time taken to slide down DB is therefore given by 


d cos a == Jg cos a . 


== 




t = 



the same value as before. 


§ 62. Lines of Quickest Descent. 

The line of quickest descent from a given point to a given curve 
in the same vertical plane is the straight line down which a body 
would slide from the point to the curve in the least time. It is not 
usually the shortest line geometrically. 

From the result in the last paragraph we can show that the line 
of quickest descent is obtained as follows : — 

The line of quickest descent from a given point P to a curve in the 
same vertical plane is PQ, wh^e Q is a point on the curve where a 
circle, having P for its highest point, touches the curve. 


P 



Let a circle be drawn having its highest point at P (Fig. 38), and 
touching the given curve AB at Q. 

Take any point Q' on the curve and let PQ' meet the circle again 
at R. 

Then, since FQ' :> PR, time down PQ' > time down PR. 
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But time down PR = time down PQ, 
time down PQ' > time down PQ. 

Hence the time down PQ is less than that down any other line 
from P to the curve. 

Example (i). 

To find the straight line of quickest descent from a given point to a 
given straight line in the same vertical plane as the given point. 

A 


B 

Fig. 39. 

Let P (Fig. 39) be the given point, AT3 the given straight line. 

We have to describe a circle having P as its highest point and also 
touching AB. 

Draw PD horizontal to meet AB in D, then since P is the highest 
point of the circle PD is the tangent at P ; and since DB is also a 
tangent the point of contact will be at Q where DQ = DP. 

Then PQ is the required line of quickest descent. 

Example (ii). 

To find the line of quickest descent from a given vertical circle to a 
given point in the same plane as the circle. 


B 



Fig. 40. 

Let ABC (Fig. 40) be the circle, O its centre, and P the given point. 
We have to describe a second circle having P as its lowest point and 
touching ABC. Through P draw PD horizontal to meet the vertical 
through O in D and produce DO to meet the circle again in B. Then 
PD is a tangent to the required circle whose centre must lie on PE the 
perpendicular to DP at P. 
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Join PB, cutting ABC at C, join OC and produce it to cut PE at E. 

Then EPC = OBC, alternate angles, 

~ OCB, since OC = OB, 

— ECP, vertically opposite. 

EP = EC, and EC passes through O, 
a circle with centre E and radius EP will touch ABC at C, 

CP is the required line of quickest descent. 

EXAMPLES X. 

1. A right-angled triangle is placed with the side BC horizontal, and 
the side BA pointing vertically down, give a geometrical construction 
for finding the line of quickest descent from B to the hypotenuse AC. 

(H.S.C.) 

2. A particle slides down a smooth chord of a vertical circle ending 
in the lowest point. Show that the velocity acquired varies as the 
length of the chord 

3. A particle slides down a smooth chord of a vertical circle, starting 
from one end of the horizontal diameter. Show that the time taken 
varies as the square root of the tangent of the inclination of the 
chord to the vertical. 



CHAPTER II. 


FORCE. MOMENTUM, WORK AND ENERGY. 

§ 68 * In the last chapter we dealt with motion without consider- 
ing the cause of it. We have now to consider the cause of motion 
and changes of motion, and this introduces the idea of force. We 
recognise forces by the effects they produce, and among these is 
the tendency to alter the state of rest or uniform motion of bodies. 
It is this effect with which we are concerned in Dynamics, and we 
can give the following definition : — 

§ 64 , Force is any cause which produces or tends to produce a 
change in the existing state of rest of a body, or of its uniform motion 
in a straight line. 

If one body A is acting on another B, the mutual action between 
them is a force. If we are considering only one of the bodies we 
say that this force is an external one, or an impressed force ; if we 
are considering both bodies we say that the action is an internal 
force. When the bodies are in contact, their mutual action is 
called a pressure or a tension, when they are at a distance, the action 
is called a repulsion or attraction (e.g. the action between two 
electrified bodies). 

§ 66. For the present we shall consider the bodies to be particles, 
i.e. of such small dimensions that the distances between different 
portions of the bodies may be neglected, and that there can be no 
question of rotation of the body. The rotation of bodies of finite 
size will be dealt with later. 

We have now to consider (i) how a body A will move when left 
to itself ; (ii) how the motion is affected by the action of an external 
force ; (iii) if this external force is due to another body B, how the 
action of B on A is related to the reaction of A on B. 

The answer to these questions is given in Newton's Laws of 
Motion, but before enunciating these we require one or two defini- 
tions. 

§ 66. The Mass of a body is the quantity of matter in the body. 

The Mommtlim of a body, all the points of which are moving in 
parallel straight lines with equal velocities, is the product of the mass 
of the body and its velocity. 
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In the case of a particle, if m is its mass and v its velocity, the 
momentum is ntv. There is no special name for the unit of momen- 
tum ; if m is in lb. and v in ft. /sec., we say that the momentum is 
mv Ib.-ft. units of momentum. 

It should be noticed that momentum is a vector quantity, it 
possesses both magnitude and direction. 

In dealing with bodies of finite size we shall see latei* that we 
have to distinguish between linear momentum, due to the motion 
of translation of the centre of gravity of the body, and angular 
momentum, due to any rotation of the body about its centre of 
gravity. 

For the present, if the body is not a particle, we shall treat it 
as if all the mass were concentrated at the centre of gravity and the 
momentum will be the product of the mass and the velocity of the 
centre of gravity. 

§ 67. Ne\¥ton’s Laws of Hotion may be stated as follows : — 

1. Every body continues in its state of rest or of uniform motion in a 
straight line, except in so far as it be compelled to change that state 
by external impressed forces, 

2 . Change of momentum per unit time is proportional to the impressed 
force, and takes place in the direction of the straight line in which 
the force acts. 

3. To every action there is always an equal and contrary reaction ; 
or, the mutual actions of any two bodies are always equal and 
oppositely directed. 

These laws were known in various forms before Newton’s time, 
but he was the first to put them into formal shape in his Principia, 
published in 1686. 

No strict proof of these laws, experimental or otherwise, can 
be given, but the arguments for their truth may be classified as 
follows : — 

(i) Common experience suggests their truth in a general way. 
We can never obtain the conditions to test Law L, but we can 
approximate to them, and we find that the smaller the external 
forces acting against a moving body the longer it will continue to 
move in a straight line. We also know that bodies do not move 
from rest of their own accord. 

(ii) Assuming the laws to be true, the motions of various bodies, 
such as the moon*and planets, can be worked out and then compared 
with observation. The positions of planets, the time of eclipses, etc., 
are worked out and published in the Nautical Almanac several years 
beforehand. The predicted places and times are found to agree 
with observations. 
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§ 68 . In many of these calculations the truth of another law 
enunciated by Newton is assumed. This is called Newion*s Law of 
Gravitation, and can be stated as follows : — 

Every particle of matter attracts every other particle of matter with 
a force which varies directly as the product of the masses of the partkles 
and inversely as the square of the distance between them. 

Numerous experiments have been made to verify this law by 
direct experiment, but the chief argument for its truth is the ac- 
curacy of the various calculations based on it. 

§ 89. The first law of motion implies what is sometimes called 
the Principle of Inertia, i.e. that a body has no power of itself to 
change its state of rest or motion, but goes on moving in the same 
direction with the same velocity, or continues in its state of rest 
when not acted upon by any external force. 

§ 70. The first part of the second law enables us to define units 
of force and establish the fundamental equation of dynamics. Let 
a force whose measure is P acting on a mass m produce an accelera- 
tion / in the mass. 

Then, by the second law, 

Pol rate of change of momentum, 
a rate of change of mv, 

(X m X rate of change of v (if m is constant), 
a mf, 

P = kmf, where k is some constant. 

It is convenient to choose our unit of force so that k is equal to 
unity, i.e. P = i when w — i and / = i, and if we do this our unit 
of force will be as follows : — 

The unit of force is that force which, acting on unit mass, generates 
in it unit acceleration. 

The fundamental equation then becomes 

P=mL 

§ 71. When the unit of mass is the pound, and the units of space 
and time are the foot and second, the unit force is called a Poundal 
(abbreviated to pdl.). 

When the imit of mass is the gram, and the units of space and 
time are the centimetre and second, the unit force is called a Dyne. 

These units are called Absolute Units because their values are 
the same eveiys^'here, and do not depend on the earth's attraction 
as the unit discussed in the next paragraph does. 

In using the equation P = mf, it is most important to remember 
that P must be in the absolute unit corresponding to the units used 
for m and /, 
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§ 72 . The unit of force used by engineers is the Pound-weight 
(lb,-wt.), i.e. the force with which the earth attracts a pound of 
matter. This unit is not constant, but has different values at 
different parts of the earth's surface. 

It is known that bodies fall to the earth with an acceleration 
denoted by g. This has different values in different places, but in 
this country the value of g is aI)Out 32 in ft. -sec. units, or 981 in 
centimetre-second units. 

The weight of i lb. produces in it an acceleration of g ft. /sec.*, 
and is therefore equal to g poundals. 

In foot -pound-second units, 

I Ib.-wt. =32 poundals (approximately). 

In centimetre-gram-second units, 

I gm.-wt. = 981 dynes (approximately). 

The poundal is therefore equal to the weight of about half an 
ounce. The dyne is equal to the weight of 1/981 gram, a little 
more than a milligram. 

§ 73 . It is found by experiment that, at the same place, bodies 
of different masses fall in a vacuum with the same acceleration g. 

Hence, if and W2 be the weight of masses and at the 
same place 

= m^g, 

W.^ =- m^, 

i.e. the weight of bodies at the same place are proportional to their 
masses. 

This enables us to compare masses by comparing their weights 
with an ordinary balance, and if we take the same set of standard 
masses or weights to different places any given mass will be found 
to have the same value at all these places. 

A spring balance measures the force of the earth's attraction 
on a body, i.e. its weight, and such a balance will give different 
readings in different places with the same mass attached to it. 

Note that mg gives the weight of m in absolute units. 

§ 74 . The second part of the second law implies the principle 
of the Physical Independence of Forces. The change of momentum 
produced by any force takes place in the direction of the straight 
line in which the force acts. If several forces act on a particle each 
will produce its own change of momentum quite independently of 
the others ; the resultant change of momentum will be the resultant 
of the separate changes produced by the individual forces. 
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§ 75. The Parallelogram of Forces. 

If two forces represented in magnitude and direction by two straight 
lines OA, OB act on a particle placed at 0 , their resultant is represented 
in magnitude and direction by the diagonal OC of the parallelogram 
OACB. 



Since each force acts independently of the other, it will generate 
the same velocity in the particle in a given time whether the other 
acts or does not act. Also the velocity generated will be pro{)or- 
tional to the force. Hence we may consider OA and OB (Fig. 41) 
to represent (to some scale) the velocities generated by the two 
forces, and at the end of the given time its resultant velocity will, 
by the parallelogram of velocities, be represented by OC. But this 
is also a measure of the force which would generate this velocity. 

Hence the two forces represented by OA, OB are together equiva- 
lent to the single force represented by OC. 

§ 76. The Third Law of Motion. 

This law tells us that any action between the component parts 
of a system of bodies, such as a number of particles, whether due to 
attraction or repulsion at a distance or to actual contact, cannot 
affect the momentum of the system as a whole. For if two of the 
bodies A and B act on each other, the reaction of A on B is equal 
and opposite to the action of B on A, the action and reaction there- 
fore generate equal and opposite amounts of momentum in the two 
bodies. Hence the total momentum reckoned in any fixed direction 
is unaltered. 

This constitutes a very im|X)rtant principle known as the 

Conservation of Linear Momentum. 

In any system of mutually attracting or impinging particles the 
linear momentum in any fixed direction remains unaltered unless there 
is an external force acting in that direction. 

This principle will be used in dealing with impulsive forces in 
the next chapter. 

§ 77. In the equation P — mf, the acceleration /, and the force 
P may be either constant or variable. 

For the present we shall consider cases where they are constant, 
and where the motion takes place in a straight line. 

3 "^ 
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A more general form of this equation is 


P = 


d*x 




The product of the mass and the acceleration of a particle is 
called the effective force. 


d*x , 3*y 


are the Cartesian components of the effective force on the particle m. 


§78. Friction. 

In many problems it is assumed that a particle is resting on a 
smooth surface, so that there is no force between the surface and the 
particle tending to prevent motion along the surface. This is, of 
course, an ideal case, in all actual cases when a particle is moved 
over a surface a force called friction is called into play which tends 
to prevent the particle moving. It is found by experiment that, 
when one body is moved over another in contact with it, the force 
of friction tending to prevent motion bears a constant ratio to the 
normal reaction between the two surfaces, the value of this ratio 
depending only on the nature of the surfaces in contact. This 
constant ratio is called the coefficient of dynamical friction for the 
given surfaces. If R is the normal reaction between the surfaces, 
F the force of friction, 

^ = M. or F = iiR. 

where /a is the coefficient of dynamical friction. 

If a particle is moving on a horizontal surface, and not acted on 
by any other force inclined to the horizontal, the normal reaction 

R — mg, 

and then F == fimg. 

If a particle is moving on an inclined plane of slope a, and not 
acted on by other forces except in directions parallel to the plane, 
the reaction between the plane and the particle is 

mg cos a, 

and then F = ymg cos a. 

If there is any force, such as the tension of a string, tending to 
pull the particle away from the surface, this reduces the normal 
pressure and consequently the friction. 
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§ 79 . Example (i). 

What force in pounds weight will give a mass of g ions a velocity of 
25 m.p.h. in 1 minute ? 

As one of the chief sources of error in dynamical problems is the use 
of wrong units, it is safer always to reduce all measurements to foot- 
pound-second or C.G.S. units. 

In this case we use F.P.S. units : — 

25 X 88 

25 m.p.h. = — — ft./sec. 

I minute = 60 seconds. 


We must first find the acceleration necessary to produce this velocity 
in 60 seconds. 

Using V ^ u ft, 


25 X 88 
60 


= 60/, 




25 X 88 
60 X 60 


ft./sec.® 


The mass acted on is 9 x 2240 lb., and the force required to produce 
the acceleration/, using P = mf, is 


P = 


9 x 2240 X 25 x 88 
_____ 

224 x 25 X 88 


poundals, 


20 X 2 x 32 
= 385 lb. wt. 


lb. wt. 


Example (ii). 

An engine and train weigh 203 tons, and the engine can exert a pull of 
4 tons. The resistance to the motion of the train is 20 lb. wt. per ton, 
and the brake power is an additional 400 lb. wt. per ton. The train starts 
from rest and moves uniformly till it acquires a velocity of 40 m.p.h. ; 
steam is then shut off and the brakes are put hard on. Find the whole 
distance the train will have run before it comes to rest, and the whole time 
taken. (I.E.) 

While the engine is pulling the tractive force is 4 x 2240^ poundals, 
and the resistance is 203 x 20g poundals, 
the resultant accelerating force is 

4 X 2240^ — 203 X 20g, 

= (8960 — 4o6o)g, 

= 49oog poundals ; 

= -g=_igggg--.ft./sec.« 
m 203 X 2240 


the acceleration 
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JO m.p.h. — — ft. /sec., and we have to find how far the train goes in 
3 

lO 

acquiring this velocity with acceleration ~ ft. /sec.*. 


Using i;* = w* -f- 2/s, 


176* _ 20 
“9 29'^' 


176 X 176 X 29 


To find the time taken we use 

V = u ft, 

176 _ 10 ^ 

■ ' ~3 ^ 

... i = L7l2<J9 sec. 

3 X 10 

The retarding force is (203 x zog -f 203 x 400^) poundals 
= 203 X 42og poundals. 


the retardation 


X 420 X 32 _ 6ft./sec.> 
203 X 2240 


To find the distance travelled in losing the velocity of ft. /sec., 
we have 

176* 

o “ JL — — 12s, 

9 

... s ^ 

9 X 12 

To find the time to rest, we have 


o = L 76 - 6/, 


. t = ^76 

3 X h* 


I'he whole distance run 


176* X 2 9 , 176* ^ 176* 87 + 5 

9X2o”^9XI2 9’ 60 

= ^76* X 92 ft 
9 X 60 

= mile. 
2025 


The whole time 


= ^76 X 29 176 X 92 

30 IF 90 
— 3 minutes, nearly. 
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Note. — When a train is running at uniform speed, the resultant 
force acting on it is zero, i.e. the pull of the engine must be just equal 
to the resistances. If the pull is greater than the resistances the train 
will accelerate. 

If a body slides down an incline wdth uniform speed, the component 
of its weight down the incline must be equal to the resistance. 


Example {in). 

A tram travelling uniformly on the level at the rate of 48 m.p.h. begins 
an ascent of i in 75. The tractive force that the eyigine exerts during the 
ascent is the same as that exerted on the level. Hoiv far up the incline 
ivill the train go before coming to rest ? Assume that the resistance dtie to 
friction, etc., is the same on the mcline as on the level. 

Since the train is moving uniformly on the level the pull of the 
engine is equal to the resistances. 

On coming to the incline these forces still balance, but we now have 
the component of the weight of the train down the slope retarding it. 
If m lb. is the mass of the train, the component of weight down the 
mg 

slope is poundals, and as this is the resultant force acting parallel to 
75 

the slope the retardation will be ^ ft. /sec.® The initial velocity is 

ft. /sec. 

60 


The distance travelled before losing this velocity is given by 


75 


\ 60 ) 

88 X 88 X 16 
25 

88 X 88 X 3 -1 

4 X 5280 
= 1-1 mile. 


75 ft., 
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Example (iv). 

An engine of mass 105 tons is coupled to and pulls a carriage of mass 
30 tons ; the resistance to the motion of the engine is ^ of its weight ; 
the resistance to the motion of the carriage is of its weight. Find 
the tension in the coupling if the whole tractive force exerted by the engine 
is equal to the weight of 6000 lb. 

We must first find the acceleration produced in the engine and 
carriage. 

The total resistance 

= {W. + 

= J tons wt. 

= 2800 lb. wt. 
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The accelerating force 


The total mass 
.*. the acceleration 


= (6000 — 2800) lb. wt. 
= 3200 lb. wt. 

= 135 X 2240 lb.. 


3200 X 32 
135 X 2240 
64 


ft./sec. 


I he accelerating force on the carriage is 


3 ^?_^ 40^4 poundals, 

22400 X 2 
lb. wt. 

71 1 ’ lb. wt. 


The accelerating force ~ tension in coupling — re-sistance, and the 
resistance to the carriage 

= = 448 lb. wt.. 

150 

the tension in the coupling 

= (7”,', + 448) lb. wt. 

= ii59> lb. wt. 


Example (v). 

A body, of mass m lb., is placed on a horizontal plane which is moving 
with an upward vertical acceleration /. Find the pressure between the body 
and the plane. 

R 

iiUk 

^ ma 

Fig. 42. 

Let i? be the reaction between the body and the plane. Since the 
body is moving upwards with an acceleration, it is evident that R is 
greater than the weight mg. 

The resultant upward force acting on the body is i? ~ mg, 

7 ? — mg — mf, 

.-. R =- m{g +/). 

If the plane be moving downwards with acceleration /, the weight 
mg is now greater than R. The resultant downward force acting on 
»» is mg — R, and 

mg — R ~ mf, 

R == m(g —f). 



LAWS OF MOTION. EXAMPLES 


07 

If in the latter case f ^ g, then i? = o, i.e. there is no pressure 
between the body and the plane. 

EXAl»fl^LE (vi). 

passes through two planks in sticcession, and the average 
resistance of the second plank is 50 per cent, more than that of the first. 
The initial velocity is 2000 ft. f sec., and the bullet loses 400 ft.jsec. in 
passing through each plank. Show that the thicknesses of the planks are 
as 27 : 14. (I-E ) 

Since the resistance of the second plank is 50 per cent, more than 
that of the first, it will produce ij times the retardation produced by 
the first. 

Let/ ft. /sec.* be the retardation produced by the first, then f/ is 
the retardation produced by the second. 

Let Sj, 5, ft. be their thicknesses, then we have 

1 500 * = 2000* — 2 / 5 i, 

1200* = 1600* ~ 3/62, 

2/s, = - 3600 X 400, 

3/5* = 2800 X 400, 

25 , 36 9 

’ ’ 3^2 28 f 

. £1 ^27 

"S2 14’ 

Note. — In problems similar to that in Example (vi), great care must 
be taken to distinguish the cases (i) when the body is moving hori- 
zontally, and (ii) vertically. 

In (i) if 14 is the initial velocity, m the mass, s the distance penetrated, 
R the average resistance, and / the retardation 

u* 

O = 14* — 2/s, or / = — . 

2 S 

In (ii) the first equation is the same, 

O = 14* — 2/s, 

but now the weight of the body mg is acting verticaUy downwards, so 
that the resultant retarding force is not R but R — mg, so that 

R mg = mf. 

The resistance is greater by the weight of the body than in the case 
where the motion is horizontal. 

EXAMPLES XI. 

1. Find the acceleration produced when (i) a force of 6 poundals acts 
on a mass of 12 lb. ; (ii) a force of 6 lb. wt. acts on a mass of 12 lb. 

2. What force (in lb. wt.) acting on a mass of 12 cwt., will generate in 
it a velocity of 15 m.p.h. in 5 minutes ? 

3. A body of mass 100 tons is acted on by a force of 70 lb. wt. How 
long will it take to acquire a velocity of 15 m.p.h. ? 
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4. A ship of 10,000 tons slows, with engines stopped, from 6 knots to 
5 knots in a distance of 90 feet ; assuming the resistance to be 
uniform, calculate its value in tons weight. (A knot may be 


assumed to be a speed of f; ft./sec.) (f-A.) 

5. A truck is found to travel with uniform speed down a slope which 

falls I foot vertically for every 112 feet length of the slope. If the 
truck starts from the bottom of the slope with a speed of 10 m.p.h., 
how' far up will it travel before coming to rest ? (I A.) 

6. Find in lb. wt. per ton the force exerted by the brakes of a train 

travelling at 60 m.p.h. which will bring it to rest in half a mile, 
and find the time during which the brakes act. (H.C.) 


7. A force equal to the weight of to gm. acts on a mass of 218 gm. 
for 5 seconds, h'ind the velocity generated and the distance 
moved in this time. 

8. Find the magnitude of the force which, acting on a mass of i kilo- 
gram for 5 seconds, causes the mass to move through 10 metres 
from rest in theit time. 

0. I'he re.sistance to the motion of a train due to friction, etc., is equal 
to the weight of 14 lb. per ton. If the train is travelling on a level 
road at 50 m.p.h. and comes to the foot of an incline of i in 150 
and steam is then turned off, how far will the train go up the incline 
before it comes to rest ? (H.S.D.) 

10. A train travelling uniformly on the level at the rate of 48 m.p.h. 

begins an ascent of i in 75. The tractive force that the engine 
exerts during the a.scent is constant and equal to 2J tons wt., the 
resistance (due to friction, etc.) is constant, and equal to 30 cwt., 
and the weight of the whole train is 225 tons. Show that the train 
will come to a standstill after climbing for 1*65 miles. (H.C.) 

11. A body of mass 25 gm. is observed to travel in a straight line through 
369, 615, and 861 cm. in successive seconds. Prove that this is 
consistent with a constant force acting on the body. What is the 
value of this force ? 

12. Some trucks, starting from rest on an incline of i in 160, acquired a 
speed of 15 m.p.h. in 10 minutes. Calculate the resistance to the 
motion of the trucks in lb. wt. per ton mass of the trucks. (I.H.) 

13. A force equal to the weight of i ton acts for 3 seconds on a mass of 

5 tons. Find the velocity produced and the space passed over, 
stating the units in which the results are measured. (1-8.) 

14. A mass of 10 lb. rests on a horizontal plane which is made to ascend 
(i) with a constant velocity of 5 ft./sec. ; (ii) with a constant 
acceleration of 3 ft./sec.* ; find in each case the reaction of the 
plane. 

15. A man, of mass 10 stone, stands on a lift, which moves with a 
uniform acceleration of 12 ft./sec.* ; find the reaction of the floor 
when the lift is (i) ascending, (ii) descending. 

t 6. A scale pan, on which rests a mass of 50 gm., is drawn upwards 
with a constant acceleration, and the reaction between the mass 
arifl the pan is found to be 50,000 dynes *, find the acceleration of 
the scale pan. 

17. A body whose true weight was 13 oz. appeared to weigh 12 oz. 
when weighed by means of a spring balance in a moving lift. 
What was the acceleration of the lift at the instant of weighing ? 

(I.A.) 
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1 8. A train of mass i6o t()ns starts from a station, the engine exerting 
a tractive force of 2J tons in excess of the resistances until a speed 
of 37J m.p.h. is attained. This speed continues constant until 
the brakes, causing a retardation of 2J ft. /sec. bring the train to 
rest 5 miles away. Find the time taken (i) during acceleration ; 
(ii) during retardation ; (iii) altogether. 

T9. The pull exerted by an engine is A> weight of the whole 

train, and the maximum brake force, which can be exerted is .}^ 
of the weight of the train. Find the time in which the train travels 
from rest to rest up a slope of i in 240 and 3 miles long, the brakes 
being applied when steam is shut off. (H.S.C.) 

20. In a lift, accelerated upwards at a certain rate, a spring balance 

indicates a mass to have a weight of 10 lb. When the lift is ac- 
celerated downwards at twice the rate, the mass appears to be 
7 lb. in weight. Find the actual weight of the mass, and the 
upward acceleration of the lift. (I-C.) 

21. A vertical shield is made of two plates of wood and iron respectively, 

the iron being 2 inches, and the w(X3d 4 inches thick. A bullet 
lired horizontally goes through the iron first and then penetrates 
2 inches into the wood. A similar bullet fired with the same 
velocity from the opposite direction goes through the wood first 
and then jTenetrates i inch into the iron. Compare the average 
resistance exerted by the iron and the wood. (LE.) 

22. A 4-0Z. bullet, travelling at 500 ft. /sec., will penetrate 5 inches 
into a fixed block of wood. Find the velocity with which it would 
emerge, if fired tlirough a fixed board 2J inches thick, the resistance 
being supposed uniform and to have the same value in each case. 

(H.S.D.) 

23. A bullet weighing 30 gm. is fired into a fixed block of wood with a 

velocity of 294 metres per second, and is brought to rest in 
second. Find in dynes, and in grams weight, the resistance ex- 
erted by the wood, supposing it to be uniform. (H.C.) 

§ 80. In the last jiaragrajih wc considen'd the motion of a single 
mass. We shall now consider some simj>le ca.ses of the motion of 
two masses connected by a light inextensible string. In such cases 
we can apply the equation P = mf to each of the masses, as in 
the following examples : — 

Example (i). 

Two particles of masses and are connected by a light inextensible 
string passing over a small smooth fixed pulley. To find the resulting 
motion of the system and the tension in the siring. 

Since the pulley is smooth the tension is the same throughout the 
string, let this be T poundals, the masses m^ and m^ being in pounds. 
Suppose mi greater than m*, then w, will move downwards and 
upwards, and, since the string is inextensible, the upward acceleration 
of m^ is equal to the downward acceleration of mj. Let this acceleration 
be /. 

Now, the forces acting on are mig downwards and T upwards, 
the resultant force on is Wig — T poundals downwards. 
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Hence, using 


- 

The resultant force on W| is 
T 


Fig. 43. 

P^mf, 

F = »»,/ (i) 

T — upwards, 

-tn^ = m^f .... (ii) 


We now solve equations (i) and (ii) to find / and T. 
Adding, 

(m. - m,)g = (m, + m,)f. 


■ f = ~ 

W, + w7' 


The value of / can also be found as follows. The resultant force 
producing motion is (nti — and the total mass moved is (wj + Wt)» 

From (i) 

r = mite--/). 


= mi 


(■ 


mi -f mjj/®’ 


= g poundals. 

^ Wi -h mi 

^^'if the parts of the string not in contact with the pulley hang verti- 
cally, the pressure on the pulley 


= 2T= g poundals. 

m. 4- m> 

Example (ii). 

A mass m, is placed on a smooth horizontal table, and connected by a 
light inextensible string passing over a small smooth pulley at the edge to 
a mass m„ hanging freely. Find the resulting motion and the tension 
in the string. 








Fig. 44. 
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nil will move downwards and along the table. Since the string is 
inextensible the accelerations of and are equal ; let this accelera- 
tion be /. Let T poundals be the tension in the string. The forces 
acting on are downwards and T upwards, 

the resultant force on is m^g — T poundals, 
using P = mf, 

- 'i' = ^i/ • • • (i) 

Since m, is resting on a smooth Txorizontal surface its weight has no 
effect as far as motion along the surface is concerned. The weight is 
balanced by the reaction of the plane {— The resultant force 

tending to produce motion horizontally is therefore the tension T 
poundals. Hence, for m^, we have 

T = mj .... (ii) 

Adding (i) and (ii), m^g 


The value of / may also .be found directly by dividing the resultant 
force, tending to produce motion {m^g) by the total mass moved (mj -f- ^2)* 
Substituting in (ii) 

T ■— ^ poundals. 

4- mo 

In this case i?, the pressure on the pulley, is the resultant of two 
equal forces T at right angles, 

.-. R = + = ^2 . r, 

— poundals. 

nil + ^2 

Example (hi). 

A particle of mass rests on the surface of a smooth plane inclined at 
an angle a to the horizontal, and is connected by a light inextensible string, 
passing over a small smooth pulley at the top of the plane, to a mass mi 
hanging freely. Find the resulting motion and the tension in the siring. 





Fig. 45. 

The tension of the string is the same throughout, let this be T 
poundals. The accelerations of the masses are the same, let this be /. 
The forces acting on wij are its weight mig vertically downwards and T 
vertically upwards. If moves downw'ards 

mig - T == mj . . . . (i) 
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The forces acting on parallel to the surface of the plane are sin a 
down the plane and T up the plane, the resultant force tending to 
produce motion is therefore T — m^g sin a, 

T ■— mag sin cl — m^f .... (ii) 

Adding (i) and (ii) gini^ — sin a) = {m^ + mj)/, 


^ -f ma 

T is obtained by substituting for / in (i). 

Note , — In working numerical examples similar to those above, the 
results there given must not be used as formulae for substituting the 
numerical values. Each question should be worked as shown in 
Examples (i) to (iii), using the numbers given in the question instead 
of letters. 

Example (iv). 

A particle slides down a rough inclined plane of inclination cl. If fx 
be the coefficient of friction, find the motion. 



Let m be the mass of the particle, and R the normal reaction of the 
plane, then the friction is fiR. 

Now as there is no motion perpendicular to the surface of the plane 
the reaction of the plane must equal the component of the weight of 
the particle perpendicular to the plane, 

R = mg cos a. 

The resultant force acting down the plane is 

mg sin a — fiR, 

== mg sin a — fjmg cos a. 

The acceleration down the plane is 

mg sin a — umg cos ol , . . 

= g(sm CL — fi cos a), 

m • - 

If sin a < /i cos a, or tan ol d fx, 

there will be no acceleration down the plane, and as the particle ob- 
viously cannot move up the plane, this means that it will remain at 
rest. 
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If the particle is projected up the plane, the resultant retarding 
force down the plane is 

mg sin a + fimg cos a. 


Example (v). 

Tivo particles of masses m^ and rest on the rough faces of a double 
inclined plane and are connected by a light inextensible string passing over 
a small smooth pulley at the vertex of the plane. If the faces of the plane 
arc equally rough, find the resulting motion. 



Let the inclinations of the faces on which mj and m^ rest be a and 
P respectively, and suppose that m^ moves downwards. 

Let T be the tension in the string. 

Since the particles do not move perpendicular to the faces, the 
reactions of the faces are equal to the components of the weights per- 
pendicular to the faces, i.e. cos a for m^, and m^g cos p for mj. 

Since m^ moves down, the friction on it acts up the plane. Hence 
the total downward force on ni^ is 

niyg sin a — T — /xWjg cos a, 
and the total upward force on m^ is 

T — m^g sin p — fim^ cos j8, 
hence, if / is the common acceleration 

m^g sin OL — T — fim^g cos a — m^f . . (i) 

T — m.ig sin p — cos p = m^} . . (h) 

Adding (i) and (ii), 

f(mi -f m2) = g{mi sin ol m^ sin p — cos a — jxmi cos j 3 ), 
giving/. 

T is obtained by substituting for / in either (i) or (ii). 

Example (vi). 

Two masses 10 lb. and 3 lb. respectively are connected by a fine string 
whicftrprassei^^^ smooth pulley fixed at the head of a smooth inclined 
plane 5 feet long and i foot high. The heavier particle is on t! e plane and 
the lighter particle just hangs over the pulley, the string being 5 feet long. 
Find the acceleration of the masses and the tension of the string. How 
long will it be after the 3 lb. mass reaches the ground before the string is 
again taut? (LA.) 
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Let T poundals be the tension of the string, / the common accelera- 
tion. 

The resultant force downwards acting on the 3 lb. mass is 

— T poundals, 


the resultant force on the 10 lb. mass acting up the plane is 

T — 10 , — T ~~ 2g poundals, 

••• 

r — 2^ = 10/; 

13/= or / = ft./sec.* 

T 2^ + 10/ ^ 2^ + j J poundals. 

When the 3 lb. mass reaches the ground the masses will have moved 


I foot from rest with acceleration 
their common velocity v is given by 
i;* = 2 ^ -I 

13 


X 

n b] 

i.T 

13 

8 


64 

13' 


V = ft. /sec. 

V13 

Now the 3 lb. mass is stopped by the ground, the string becomes 
slack and the 10 lb. mass moves on with velocity v, and subject to a 


retardation 


g 


The time taken to go up the plane and return to the point from 
which it began to move freely is given by 

2 5 




V13 

5x8 


16VT3 

— seconds. 


26 

After this interval the string again becomes taut. 


Example (vii). 

A mass of M lb. rests on a smooth horizontal table and is attached by 
two inelastic strings to masses m, m* lb. [m' > m), which hang over smooth 
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pulleys at opposite edges of the table. Find the acceleration of the system 
and the tensions in the strings. 



7n^ 


Fig. 49. 

If T be the tension in the string connecting m and M, T that in 
the other string, we have, if / is the acceleration. 

For m', m'g — T' = m'/ . . - (i) 

„ w, T — mg ~ mf . . . (ii) 

„ M, T' Mf . . . (iii) 

Adding the three equations 

(w' - m)g = (w' + w -f M)/, 

. f — m' — m 
' w' + w -f M^' 

The values of T' and T are obtained by substituting in (i) and (ii). 


EXAMPLES XII. 

1. Two particles, of masses 6 and 10 lb., are connected by a light 
string passing over a smooth pulley. Find (i) their common ac- 
celeration, (ii) the tension in the string, (iii) the pressure on the 
pulley. 

2. Two particles, of masses 5 and 7 lb., are connected by a light string 
passing over a smooth pulley. Find their common acceleration 
and the tension in the string. 

3. Two particles, of masses 7 and 9 oz., are connected by a light string 
passing over a smooth pulley. Find their common acceleration 
and the tension in the string. 

4. Two particles, of masses 20 and 30 gm., are connected by a fine 
string passing over a smooth pulley. Find their common accelera- 
tion and the tension in the string. 

5. A mass of 9 lb, resting on a smooth horizontal table is connected by 
a light string, passing over a smooth pulley at the edge of the table, 
to a mass of 7 lb. hanging freely. Find the common acceleration, 
the tension in the string, and the pressure on the pulley. 

6. In the last question, if the 7 lb. mass starts from the level of the 
edge, which is 7 feet above the ground, and the string, which is 
14 feet long, is taut and perpendicular to the edge ; find (i) how 
long the 7 lb. mass takes to reach the ground ; (ii) how long after 
that the 9 lb. mass takes to reach the edge of the table. 

7. A mass of 5 lb. is placed on a smootli horizontal table 6 feet high 
i^X^t a distance of 18 feet from the edge and connected by a light 

string 18 feet long to a mass of 3 lb. on the edge of the table. If 
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the 3 lb. mass is pushed gently over the edge, find (i) how long it 
takes to reach the ground ; (ii) how much longer the 5 lb. mass 
takes to reach the edge. 

8. A particle, of mass 5 lb., is placed on a smooth plane whose height 
is 4 feet and length 20 feet. The particle is connected by a light 
string passing over a smooth pulley at the top of the plane to a 
mass of 3 lb. hanging freely. Find the common acceleration and 
the tension of the string. 

9. If, in question 8, the 5 lb. mass is initially at the bottom of the 
slope and the 3 lb. mass hanging just over the pulley, find (i) how 
long the 3 lb. mass takes to reach the ground, (ii) the time that 
elapses after this happens before the string again becomes taut. 

10. Two masses of J oz. and 7J oz. connected by an inextensible string 

5 feet long, lie on a smooth table 2J feet high. The string being 
straight and perpendicular to the edge of the table, the lighter 
mass is drawn gently just over the edge and released. Find (i) 
the time that elapses before the first mass strikes the floor, and 
(ii) the time that elapses before the second mass reaches the edge 
of the table. (I.S.) 

11. A mass of 2 lb. lies at the bottom of an inclined plane 30 feet long 
and 10 feet high. It is attached by a light cord 30 feet long, 
which lies along the line of greatest slope of the plane, to a 
mass of I lb., which hangs just over the top of the plane. The 
system is allowed to move. Assuming that the hanging mass 
comes to rest when it reaches the ground, find the distance that 
the mass of 2 lb. will travel before it first comes to rest. (H.S.D.) 

12. A particle of weight 5 lb. resting on a smooth plane of inclination 

30°, is attached to a light string which passes over a smooth pulley 
at the highest point of the plane and carries a hanging weight of 
2 lb. Calculate the acceleration of each weight, assuming that 
the whole motion takes place in the vertical plane through the 
pulley and the line of greatest slope. Find also the tension in the 
string. (H.S.D.) 

13. A mass of 5 lb. rests on a rough horizontal table, and is connected 
by a light string with a mass of 3 lb. hanging freely. If the co- 
efficient of friction between the 5 lb. mass and the table is jl, find 
the resultant acceleration and the tension in the string. 

14. A mass of 4 lb. rests on a rough horizontal table (coefficient of 
friction i), and is connected by a light string with a mass of 3 lb. 
hanging freely. Find the velocity acquired and the distance 
described by the masses in 7 seconds. 

15. A particle slides down a rough inclined plane, whose inclination 
to the horizon tS.1 is 45°, and whose coefficient of friction is J ; 
show that the time of descending any distance is twice what it 
would be if the plane were smooth. 

16. Two rough planes, inclined at 30° and 60° to the horizontal and of 
the same height, are placed back to back ; masses of 4 and 12 lb. 
are placed on the faces and connected by a light string passing 
over a smooth pulley at the top of the planes ; if the coefficient of 
friction is J, find the resulting acceleration. 

17. A rough plane is 50 feet long and 30 feet high, the coefficient of 
friction is and a particle slides down the plane from rest at the 
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highest point ; find the velocity of the particle on reaching the 
bottom and the time taken. 

1 8. A light inextensible string, passing over a small smooth fixed pulley, 
carries at one end a weight of 4 oz., and at the other two weights 
each of 3 oz. If the system is allowed to move, find the accelera- 
tion with which the weight of 4 oz. ascends. 

If one of the 3 oz. weights falls off after the 4 oz. weight has 
ascended a distance of 2J inches, how much farther will the 4 oz. 
weight ascend ? (H.C.) 

19. A particle held at rest on a smooth table is attached by a light 

inextensible string to a second particle, of the same mass as the 
first, which hangs over the edge of the table, the string being taut 
and at right angles to the edge of the table. If the particle on the 
table is released, find the acceleration with which it begins to move. 
If the string connecting the particles is 5 feet long and both particles 
are initially on the table, one 5 feet from the edge and the other at 
the nearest point of the edge from the first, and the particle at the 
edge is pushed gently over the edge, find the time that elapses 
before the other particle reaches the edge. (H.C.) 

20. A mass of 20 lb. slides from rest through a di.stance of 100 feet 
down a rough rail whose angle of inclination with the horizontal 
is tan-^ ; 7 ^, the coefficient of friction being 0 25. Find in foot- 
poundals the work done on the mass by the forces acting on it. 
Also find the velocity acquired by the mass. 

2 1 . An engine driver of a train at rest observes a truck moving towards 

him down an incline of i in 60 at a distance of half a mile. He 
immediately starts his train away from the truck at a constant 
acceleration of 0*5 ft. /sec.* If the truck just catches the train, 
find its velocity when first observed. Assume that friction oppos- 
ing the truck's motion is 14 lb. wt. per ton. (C.S.) 

22. A mass M is moving with velocity V. It encounters a constant 
resistance F ; write down equations to determine the time before 
it is brought to rest and the distance it has travelled, stating the 
principles on which these equations depend. Two moving masses 
are brought to rest by equal constant resistances. If the one mass 
moves for twice as long as the other but goes only half the distance, 
find the ratio of the masses and also that of their velocities. (C.S.) 

23. A body of w^eight IV ^ hangs vertically from a string w^hich is tied 

to a body of weight fF* on a horizontal table. 1'he coefficient of 
friction between the second body and the table is /x, w^hile owing 
to the friction at the edge of the table the tension of the vertical 
part of the string must be n times that of the horizontal part. 
Find the acceleration and the tensions. Find the relation between 
IFi, Wi, so that the tension of the horizontal part of the string 
may be equal to (N.U.3) 

24. State the relation between force and acceleration in C.G.S. units. 
Two bodies of mass i and i-i kilos, hang from the ends of a light 
inextensible string, which passes over a smooth light pulley. Find 
the acceleration of the bodies and the tension in the string. 

The whole system is placed in a lift which has a downward 
acceleration of 98 cm. /sec.* Find the acceleration of each body 
relative to the lift. (N.U.3) 
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§ 81. Attwood’s Machine. 



Fig. 50. 


In the simplest form of this machine two equal masses (M), are 
connected by a light cord passing over a light pulley P, as in Fig. 50. 

The axis of the pulley is supported horizontally so that it can 
turn with very little friction. 

If the masses are set in motion they will move with a velocity 
which is very nearly constant for a short time, and by measuring 
the time taken by one of the masses to describe a given distance 
the value of this velocity can be obtained. 

The machine is used to v(Tify the laws of motion and to obtain 
a rough value for g. [The best method of determining g is by means 
of the pendulum which will be de.scribed in a later chapter.] The 
masses are set in motion by placing a small rider of known mass (m) 
on one of the large masses which can be released from a platform A, 
attached to the stand which supports the pulley. 

A ring B is fixed to the stand vertically below A, and is of such 
size that M can pass through it, but the rider m remains on the ring. 
The masses will then move with uniform velocity and the time 
taken for the descending mass to go from B to a platform C at a 
known .distance below B is measured by a stop-watch. 

The distance from A to B is also known. 

Now until the rider is removed the acceleration of the system is 

fng 

2M + m' 


If AB ~ hi, the v^elocity v on reaching the ring is given by 


2-—^ h 


If Aj is the distance BC, and i the time taken for the mass to go 
from B to C 
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h\' 2mgh, 

~F ~ 2M + m’ 

§ 82. The chief causes of inaccuracy in the exptTiincnt are as 
follows : — 

(1) The string may slip on the pulley, and, as this is not per- 

fectly smooth, friction is introduced. 

This cannot be avoided entirely, but can be partly 
allowed for as in (3) by means of an additional rider. 

(2) The pulley, although light, requires some force to make it 

rotate. 

Allowance can be made for this as explained in Chapter 
IX. 

(3) There is some friction at the axle of the pulley. This can be 

reduced by supporting the axle of the pulley on the edges 
of four light wheels called friction wheels, or by attaching 
a small rider to the mass which carries the rider m. The 
mass of this extra rider is adjusted until the masses (with- 
out ni) run uniformly when set in motion. 

(4) It is difficult to measure accurately the time taken for the 

mass M to go from B to C. 

The error in measuring the time can be reduced by the device used 
in what is called the “ ribbon '' Attwoo^’s machine. 

In this type of machine the string supporting the masses is 
replaced by a tape. A fine brush is attached to the end of a spring, 
or vibrator, which is adjusted to make a given number of vibrations 
per second. 

The bmsh, which is inked, is placed so that it touches the tape 
where the latter passes over the top of the pulley. 

A lever is arranged so that, as it releases the mass with the rider 
from its platform, the vibrator is set in motion. The brush then 
traces a wavy line on the tape as it passes over the pulley. The 
distances between successive portions of the curve so traced are 
the actual distances moved by the masses, while the time taken to 
move any distance is known from the period of the vibrator, 

§ 88 . The following examples are of a more difficult nature. If 
the accelerations of the various parts of the system are not the same 
it is essential to find what connections there are between them. 
The principle of the method, i.e. applying the equation P = im/ to 
each part of the system, is the same as before. 
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Example (i). 


A string passing over a smooth fixed pulley supports at its two ends 
smooth movable pulleys of masses 5 lb. and 7 lb. respectively. Over the 
first of the movable pulleys passes a string having masses of 3 lb. and 
4 lb. at its ends, and over the second a string having masses of 2 lb. and 
3 lb. at its ends. Find the acceleration of the movable pulleys and of each 
of the masses. (H.S.D.) 






2g 3f 


4y 


Let A (Fig. 51) represent the fixed 'pulley and B and C the movable 
pulleys. 

It is clear that the acceleratiol| of B is the same as that of C, let this 
be F. I 

The actual accelerations of the 2 lb. and 3 lb. masses hanging over 
B are not the same, but their accelerations relative to B are the same, 
i.e. the 2 lb. mass approaches B with the same acceleration as the 3 lb. 
mass goes away from it (this follows since the length of the string is 
unaltered). 

In problems of this kind it is essential to consider only the actual 
accelerations of the particles, otherwise we cannot apply the equation 
P = w/ to them. 

Let T be the tension in the string passing over A, T, and T* the 
tensions in those passing over B and C. 

Let /i, /a be the actual accelerations of the 2 lb, and 3 lb. masses 
over B, /, and f^ those of the 3 and 4 lb. masses over C. Assume that 
C moves downwards and B upwards (it will not matter if this is incorrect, 
we shall merely get a negative value for F). 

The resultant forces acting on B, C, and the particles are as follows : — 


On B, 


T - 2 T, 

— yg, upwards. 

„ c, 


5 g + iT, 

— r, downwards. 

„ the 2 lb. mass of B, 

Ti - 2 g. 

upwards. 

„ 3 lb. 

B, 

M - 

downwards. 

.. 3 lb. „ 

C, 

Tt - 3 g. 

upwards. 

„ „ 4 lb. .. 

C, 

45 - 

downwards. 

Hence, appl)dng P = 

mf to each of these masses, 
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T - 2T, — 7g == jF . . . (i) 

5.? + zTj - r = 5F . . . (ii) 

J'l - 2^ = -2/1 • • • (i») 

ig - 'l\ ^ .iL • ■ • (*v) 

— 3g --- 3/.. • • ■ (v) 

■ig - 'J'z '-"4/. ■ • • (vi) 


Also, since the accelerations <if the masses relative to their pulleys 
are equal, 

/, - 1' = f. -I ^ ’ . . • (vii) 

/, -h F --- U~ F . . . (viii) 

We have thus eight etiuations to determine the three unknown 
tensions and the five accelerations. 

These equations give 


F - 


414 


g ; /i 


42 

207 

29 

207 


S'; U 
g> f* 


207 
207 


Example (ii). 

/4 a arc' /zeo fixed pulleys in the same horizontal line. A light 
siring is placed over and A 2, and carries weights \\\ and at its 
free ends. Another pulley B carrying a iveight is placed on the part 
of the string bctiveen Ai and A 2. If A^ and A^ are so close together that 
all the portions of the string not in contact with the pulleys are vertical, 
prove that when all the weights are in motion the tension in the string is 


4 

Wr^ 4 IV 2 -^ + 4H^3-^‘ 

Prove also that the condition that shall remain at rest while IT, and 

IF, are in motion is -f IV 2]. (H.S.D.) 



It is evide nt tiiat the distance moved by B is equal to half the 
algeoraic sum of the distances moved by and IF,. For if lif and 
VF, both move downw^ards through distances and x^, B will move up 

a distance — * ; if IF, moves down and IF, up through the same 


distance, B will move up a distance 


X.t 


VOL. I. 
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Hence, if /,. f.., f j l)c the accelerations of \V„ W,, W''.,, then 


h 


f, -I u 


Suppose that moves down, and move up, and let T be 
the tension in the string. 

Then /, -- 


For W „ — T = M’,/„ or g 


W, 


/. • 


W, 

R', 


or - - ^ . 

27 - - ^ WJ, ^ in\t, - iW,f, 

U-2g^f,-U 


(■) 

(ii) 

(hi) 


lI 

IF, 


W. 


= 2^ - W - w? 


^{wi + If, + fT,^ ■" 


^ ~ it/ ■ 


4^ 

^2- 

4 


[ 4H77-. in absolute units. 


in gravitation units. 


If IT, is to remain at rest, must be zero. 
Now, from (iii) 

~ IF, 


8^ 


IF, + IF, 


45 


IF, 

IF, 

E> 

IF.' 


5. 


IF, 

fF,^ 


and this is zero if 


Vf! + if! + 4 

IF. IF, 

IFI + IF. = 4. 
4fF,lF, = fF,(fF, + IF,). 


Example (iii). 

Particles of mass m and 2 m are connected by a light string which passes 
over a pulley at the vertex of a wedge-shaped block, one particle resting on 
each of the faces which are smooth. The mass of the wedge being M, and 
the inclination of the faces to the horizontal being a, find the acceleration 
of the wedge and the particles when the wedge is placed on a smooth hori- 
zontal table. (H.S.C.) 
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Let F be the acceleration of the wedge, /j and /, the components of 
the acceleration of 2m parallel and perpendicular to the face of 

the wedge, /> and /4 those of w. Let be the reactions of the 

wedge on 2m and m (these will be perpendicular to the faces), and T 
the tension in the string. 

Consider the motions of the particles in directions perpendicular to 
the faces of the wedge. The resultant force on 2m in this direction is 
2mg cos a — i?i, and that on w is i?, — mg cos a, 

.*. 2mg cos a — = 2^/2 ’ . (i) 

/?2 — cos a m/4, .... (ii) 

The horizontal force acting on the wedge is 
sin a — i?2 sin a, 

.*. Ri sin a — Rz sin a = MF . (iii) 

Since the particles remain in contact with the faces, their accelera- 
tions perpendicular to the faces must equal the component accelera- 
tions of the wedge in these directions, 

.-./j Fsin a .... (iv) 

Multiplying (i) and (ii) by sin a and adding to (iii), 

mg sin a cos a = 2m/, sin a -f mf^ sin a -f- MF, 

= 3mF sin* a -f- MF, from (iv) 

= (3m sin* a -f- M)F, 

77 ^ sin a cos a . 

M -h 3m sin* a ’ 


also/. =/, = Fsina = a cos a 

M 3m sin* a 

To find the components of acceleration parallel to the faces, we 
consider the motion in this direction, this is unaffected by the motion 
of the wedge. 

For 2m, 2mg sin a — T — 2m/i, . . . . (v) 

„ m, r — mg sin a ~ mf^, .... (vi) 

sin a = 2mf^ -f 

Now the accelerations along the faces relative to the faces must be 
equal, 

••• /i 4* cos a == /a -f F cos a . . . (vii) 

r _ / sin a g sin a 

■ ■ - -1— 
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The resultant accelerations of the particles can be obtained by 
compounding /i and /*, /, and/4. 

Example (iv). 

A man weighing 12 stone, and a weight of 10 stone, are suspended by 
a light rope over a smooth pulley. Find the acceleration of the man. If 
the man pull himself up the rope so that his downward acceleration is only 
half this value, find the upward acceleration of the weight, and show that 

g 

the upward acceleration of the man relative to the rope is — . 

If / is the acceleration when the man is not pulling 

i2g — T == 12/ 

T — jog = jof, 

■■■ 22/= 2g, or/= ^yg. 

When the man is pulling on the rope we must consider the force P 
he exerts on the rope ; his acceleration is now g. 

I 2 g - P = 12.^, 

12g - f^g. 

If F is the acceleration of the weight 

P — 10^ = loF, 

.*• - {\g - log =- loF, 

^ 

The upward acceleration of the man relative to the rope is 

1 - JL == A 

55^ 22^ 10* 

EXAMPLES XIII. 

1. A fine string passes over a smooth fixed pulley and carries at its 
ends masses of m and 5W lb. respectively. Find the acceleration 
of the masses and the tension of the string, .stating clearly the 
units you employ. 

A string with one end fixed passes under a movable pulley A 
of mass m lb., over a fixed pulley and under a movable pulley B 
of mass 5m lb., its other end being attached to the axle of the 
pulley A, and all the hanging parts of the string being vertical. 
Show that the tension of the string is the same as that of the string 
in the first part of the question, that the acceleration of the pulley 
A is equal to that of the mass m, but that the acceleration of the 
pulley B is half that of the mass 5m. (I.S.) 

2. Two pulleys, of weights 12 lb. and 8 lb., are connected by a fine 

string hanging over a smooth fixed pulley. Over the former is 
hung a fine string with weights 3 lb. an<l 6 lb. at its ends, and over 
the latter a fine string with weights 4 lb. and x lb. Determine x 
so that the string over the fixed pulley remains stationary, and 
find the tension in it, (I.E.) 
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3. Masses of 5 lb. and 2 lb. arc suspended from tlie ends of a string 

which pa.sses over two fixed pulleys and under a movable pulley 
whose mass is m lb., the portions of the string not in contact with 
the movable pulley being vertical. Find the value of m in order 
that when the system is released, the iiKjvable pulley may remain 
at rest, and find in this case the accelerations of the other masses 
and the tension of the string. (H.S.C.) 

4. To one end of a light string passing over a smooth fixed pulley is 
attached a particle of mass M, and the other end carries a light 
pulley over which passes a light string to whose ends are attached 
particles of mass mj and mg. l‘'ind the accelerations of the particles, 

and show that if M ^ ~ ^ ^ the mass Af will remain at rest or 

Wi 1- mg 

move with uniform velocity. (Ex.) 

5. A particle of mass Af on a smooth horizontal table is tied to one 
end of a string which passes over a fixed pulley at the edge and 
then under a movable pulley of mass m, its other end being fixed 
.so that the parts of the string beyond the table are vertical. Show 

that m descends with acceleration — (f, and find the hori- 

4 - nr 

zontal and vertical components of the acceleration of the centre 
of mass of M and m. (FS.) 

6. A string with one end fixed passes under a movable pulley A, of 

mass m lb., and then over a fixed pulley, and carries at its free 

end a mass B of 3m lb. Find the tension of the string and the 
accelerations of A and B, stating cleiirly the units that you employ 
(All portions of the strings are to be regarded as vertical.) (FS.) 

7. A string is attached to a fixed point A. It passes round the lower 

part of a movable pulley B, to wdiich a weight 2 IF is attached, 

then over a fixed pulley C, and a weight W 4 hangs from its 
extremity. The parts of the string not in contact with the pulleys 
are vertical. Neglecting friction and the mass of the pulleys, find 
the acceleration with w hich the system moves when left to itself. 

(IS.) 

8 . Masses of 100 gm. and 60 gm. are attached to the ends of a fine 

string, which pas.scs ov^er a smooth fixed pulley, hind the ac- 
celeration of the masses and prove that the tension of the string is 
equal to the weight of 75 gm. The pulley, whose mass is 50 gm., 
is now detached from its fastening, and attached by means of 
another fine string to a mass of 100 gm., which lies on a smooth 
table over whose edge the string passes. Prove that the pulley 
moves as if the original weights were removed and its own mass 
were increased by 150 gm. (H.C.) 

9. A, B are masses of 6 oz. and 3 oz. respectively resting on two smooth 

tables, placed with their edges parallel. They are connected by a 
fine string, which hangs between the tables with its hanging parts 
vertical and carries in its loop a smooth pulley C of mass 4 oz. 
The string lies in a vertical plane and crosses the edges of the 
tables at right angles to the edges. Find the tension in the string 
(i) when A and B are held fast, (ii) when B is held but A moves, 
(iii) when A and B both move ; and show that in the three cases 
the tensions are in the ratio 21 : 18 : 14. (H.C.) 

VOL. I — 4 



86 


INTERMEDIATE MECHANICS 


lo. A light string ABCD has one end fixed at A, and passing under a 
movable pulley of mass M at B and over a fixed pulley at C, carries 
a mass M' at D. The parts of the string are supposed vertical. 
Show that M descends with acceleration 


M - 2M' ^ 
M + 4 ^'^ 


(H.C.) 


II. A string with one end fixed passes under a pulley A of mass M, 
then over a fixed pulley, then under a pulley B of mass M\ 
and its other end is attached to the axle of A. The string is taut 
and its hanging parts are vertical. Find the ratio of th^ velocities 
of A and B when the system is in motion, and show that the 
acceleration of A is 

4M - zM'^ 

4M -f 

downwards. (I.S.) 


12. A particle of mass m is placed on the sloping face (angle of slope 
a to the horizontal) of a smooth wedge of mass M , whose base 
rests on a smooth table. Find the acceleration of the wedge and 
the horizontal and vertical components of the acceleration of the 
particle. (H.S.C.) 


13. A wedge of mass M and angle a is placed on a rough horizontal 
plane, the coefficient of friction being A smooth particle of mass 
m is placed gently on the inclined face of the wedge. Show that, 
if the wedge moves, its acceleration will be 

m cos a(sin cc ft cos a) — fxM ^ (H ) 

m sin a(sin a — fi cos a) + M 


14. A string passing over a smooth pulley carries a mass 4W at one 

end and a pulley of mass m at the other. A string carrying masses 
m and zm at its ends passes over the latter pulley. Find the 
acceleration of the mass 4m when the system is moving freely 
under gravity. (C.S.) 

15. A string, of which one end is attached to, a mass m lying on a smooth 
table, passes over the edge of tlie table, and after passing over a 
smooth fixed pulley close to the table and on a level with it has 
its other end attached to a mass m ' ; between the table and the 
pulley the string hangs in a loop and supports a smooth ring of 
mass M. The string lies in a vertical plane perpendicular to the 
edge of the table. Find the motion and the tension of the string, 
and show that the mass m' will remain at rest if 


M = 


4mm' 
2m — m" 


(C.S.) 


16. A mass m lying on a smooth horizontal table is attached to a string 
which, after passing over the edge of the table, hangs in a loop on 
which a heavy smooth ring of mass M is threaded and then passes 
over a smooth fixed pulley and supports a mass If the free 
portions of the string are vertical and the whole system lies in a 
vertical plane, determine the tension of the string, and show that 
the mass M will remain at rest provided that 
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17. On a smooth fixed inclined plane of angle a there is placed a smooth 
wedge of mass M and angle a, in such a way that the upper face 
of the wedge is horizontal ; on this horizontal face is placed a 
particle of mass m. Prove that the resultant acceleration of the 
particle in the subsequent motion is 

(M + m)g sin® a 
M m sin® a * 

and evaluate the pressure between the wedge and the plane. (l.A.) 

18. A truck weighing 16 cwt. is pulled up a railway on an inclined 

plane by a rope which passes round a }>u]ley fixed at the top of 
the incline, and is attached to a truck whi(^h weighs with contents 
40 cwt. and runs down a j)arallel railway. The speed of the trucks 
is controlled by a brake on the pulley which is operated when the 
speed reaches 30 ft. /sec., and keeps the speed constant. The 
incline is 400 feet long, and the height of the upper end above the 
lower 100 feet. Neglecting friction, find the time during which 
the trucks run freely and the whole time of the journey. Find also 
the greatest tension of the rope. (I.E.) 

19. In a mountain railway, of uniform inclination 30°, the ascending 
and descending cars are connected by a rope which passes round a 
pulley at the top of the incline, and their masses are J M and M 
tons respectively ; the ordinary resistances due to friction, etc., 
are 20 lb. wt. per ton mass for each car, and the brake resistance 
is Q lb. wt. per ton mass. Show that if motion can be prevented 
by applying the brakes to the descending car alone, Q must be 
at least 245. If Q has this value, calculate the retardation when 
the cars are in motion and the brakes are applied to both cars. 

(IE.) 

20. On a cable railway a car, of weight 2J tons, is drawn up a slope of 
I in 10 from rest with an acceleration of 2 ft. /sec.® against a con- 
stant frictional resistance of J cwt. Find the tension in the cable. 

(H.S.C.) 

21. The angle of a smooth wedge of mass M is a. The wedge is placed 
with one face on a smooth horizontal table and a particle of mass 
m is allowed to slide down its face. Prove that a horizontal force 
mg sin a cos a must be applied to the wedge to keep it from moving, 
and that the reaction between the wedge and the table is 

(M 4 - wt cos ® aL)g (H.S.D.) 

22. A wedge of mass M, whose section ABC is a triangle right angled at 

A, is placed with the face BC on a smooth, horizontal table. The 
faces AB, AC are rough, the coefficient of friction being /u. Two 
masses Wj, wig, connected by a light inextensible string passing 
over a light frictionless pulley at A, rest on the faces AB, AC, 
respectively, and moves down AB with acceleration / relative 
to the wedge. Write down the equations necessary to find /, and 
the acceleration F of the wedge. (Ex.) 

23. A cord passing over a fixed pulley A carries pulleys B, C at its ends, 

A second cord with one end fixed to the ground passes over B and 
carries 20 lb. at the other end ; and a third cord with an end fixed 
to the ground passes over C and has 30 lb. at the other end. All 
parts of the cords are vertical except where they go round the 
pulleys. Neglecting friction and the weights of the cords and 
pulleys find the accelerations of the weights and the tensions in 
the cords. (H.S.C.) 
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24. A bucket can be raised from a well by a counterpoise of mass Wi 
in t seconds, and by a counterpoise of mass in nt seconds. Show 
that the mass of the bucket is the positive root of the equation 

+ I 

;t;» + (>K, - ~ 


and that the depth of the well is 

where is the positive root of the equation 


v2 4- r- 


'^2/ o 


(H.S.C.) 


25. Draw a velocity-time graph for the case of a body moving in a 
straight line, at first with uniform acceleration, secondly with 
uniform* velocity, and finally with uniform retardation. 

A train of 180 tons starts from rest with an engine pull of 
3 tons and makes a run of i mile from one station to rest at the 
next. At the instant of maximum speed, the steam is shut off 
and the brakes art^ applied, producing an effective coefficient of 
friction Prove that the time occupied is about 172 seconds, 

and that the maximum speed is about 42 m.p.h. (hAictional resist- 
iinces, other than those due to the brakes, are neglected.) (H.C.) 

2b. A VK)dy of mass M is lifted vertically from rest by means of a con- 
stant liftitig force, which acts from the beginning of the ascent till 
a certain time before the end, when it is relaxed, and the body is 
brought to rest by gravity at height h. The time taken is n seconds. 
Find the force required. (H.S.D.) 

27. A particle P of mass m rests cm a rough horizontal table whose 
coefficient of friction is /i, and is attached to one end of a fine in- 
extensible string whieffi passes over a smooth fixed pulley A at the 
edge of the table. Idle string then passes under a smooth movable 
pulley P of mass m and over a smooth fixed pulley C, the other end 
of the string being attached to a particle D of mass m which hangs 
vertically. All the portions of the string not in contact with a 
pulley are horizontal and vertical. Prove that if ^ >j, P will 

not move, and that if /n < 1;, D will move with acceleration 


(3 - lAg 
6 


(C.S.) 


28. A particle of mass 2 lb. is placed on the smooth face of an inclined 
plane of mass 7 lb. and slope 30", which is free to slide on a smooth 
liorizontal plane in a direction perpendicular to its edge. Show 
that if the system start from rest the particle will slide down a 
distance of 15 feet along the face of the plane in 1-25 seconds. 

(C.S.) 

29. A man of to stone and a weight of 8 stone are suspended by means 
of a light rope over a smooth pulley. If the man pull himself up 

g 

the rope so that his downw ard acceleration is jg, find the acceleration 

of the weight, and the acceleration of the man relative to the rope. 

30. A man of 12 stone lets himself down one portion of a light rope 
hanging over a smooth pulley with an acceleration of 2 ft. /sec.* 
Find with what uniform acceleration a man of 8 stone must pull 
himself up by the other portion so that the rope may. remain at rest. 
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31. A smooth wedge, weighing 5 lb., can slide on a smooth horizontal 

plane. A weight of i lb. is placed on the sloping face of the wedge, 
I foot from the bottom edge, and allowed to slide down. If the 
angle of the wedge is 30°, and if the weight and wedge start from 
rest, prove that the weight reaches the bottom of the slope in 
about i second. (Q E.) 

32. A weightless string passes over a smooth, fixed pulley of mass i lb., 
and has attached to it at one end a mass of 12 lb., and at the other 
end a mass of 8 lb. ; the moment of inertia of the pulley about its 
axis can be neglected. Find the acceleration of the weights. 

If the pulley, instead of being fixed, is pulled vertically upwards 
by a force of 21 lb. wt., find the accelerations of the pulley and of 
the string relative to the pulley. (N.U.3) 

33. Particles of masses m and m' lie at rest one on each of two rough 
tables, whose edges are parallel ; fi, y.' are the respective coefficients 
between the particles and the tables. The particles are connected 
by a fine string which hangs between the tables and carries a 
smooth pulley, of mass M, in the loop formed by the hanging parts, 
which are parallel and lie in a plane perpendicular to the edges of 
the tables between which they lie. The system being let go, all 
the parts begin to move. Prove that the tension [T) of the string 
is given by the equation 

r(i + -L + =^(2 + M H- 1 ^')- 

\m m M) 


Prove that if ym r> yni\ the motion as described cannot take 
place unless 



^ ^ 2 + 

m' ^ urn 


(N.U.3) 


34. A smooth hemispherical bowl, of mass M, with centre C, lies rim 

downwards on a smooth table, and a particle, of mass m, is placed 
on it at a point A, whose angular distance from the vertex V of 
the bowl is a. Show that if a horizontal force of suitable magni- 
tude is applied to the bowl in the plane VC A, the particle will 
remain at rest relatively to the bowl as it moves. (N.U.3) 

35. A wheel of radius 4a is fastened to an axle of radius a. A weight 
of mass.Wi is suspended by a rope fastened to the axle and coiled 
round it, and another weight of mass is suspended by a rope 
fastened to the wheel and coiled round its rim in such a way that 
w, descends when rises, and vice versa. If the system is left 
to itself, prove that the upward acceleration of is 


4m, - 

-h ’ 

and find the tensions in the ropes. The inertia of the wheel and 
axle may be neglected. (C.W.B.) 

36. A long string fixed at one end to the ceiling passes down under a 
pulley of mass m which it supports, then up over a fixed pulley 
also attached to the ceiling, and finally down to a weight of mass 
m' which is hanging freely. Assuming that the hanging portions of 
the string are all vertical, prove that the upward acceleration of 
the mass m' is 

2(m — 2m') ^ 
m -f- 4w' ^ 


(C.W.B.) 
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37. A wedge of mass M is at rest on a smooth horizontal plane, and a 
particle of mass m is placed gently on its smooth inclined face and 
allowed to fall down this face. Prove that when the particle has 
descended a vertical distance h the wedge has moved through a 
horizontal distance 

mh cot a 
m M ’ 

where a is the inclination of the face of the wedge to the horizontal. 

(C.W.B.) 

§ 84. Work. 

When a force moves its point of application it is said to do work, 
and tile measure of the work is the product of the force and the 
distance through which th(* ])oint of application moves in the direc- 
tion of the force. 



Let a force E move its point of application from A to B (Fig. 54), 
where the distance AB == s. 

Then, if the force is in the direction AB the work done is Fs. 
If the direction of the force is along AC, inclined at an angle d to 
AB, the work done is E X the projection of AB on AC, 

— Fs cos 0. 

If the force is variable, the work done for an infinit(‘ly small dis- 
placement ds, in which the force may be considered constant, is 
Fds (or F cos 9 ds). The total work done is the integral of Fds 
(or E cos 0 ds) taken between the initial and final values of s, i.e. 



§ 86. I'he absolute unit of work in the F.P.S. system is the 
work done by a poundal in moving its point of application through 
I foot in the direction of the force. 

This unit of work is called a Foot-Poundal, 

The absolute unit of work in the C.G.S. system is the work 
done by a force of i dyne in moving its point of application through 
I centimetre in the direction of the force. 

This unit is called an Erg. 

§ 86 . The unit of work used by engineers is called a Foot-Pound, 
it is the work done by a force of i lb. weight in moving its point 
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of application through i foot in the direction of the force, or the 
work done in raising a weight of i lb. vertically through i foot. 


Since i lb. wt. ” g poundals, 

I ft. lb. =~ g ft. poundals. 


§ 87. Power is the rate of doing work, i.e. the work done in 
unit time. 

The British unit of power is the Horse-Power, which is 550 ft. lb. 
per second, or 33,000 ft. lb. per minute. 

The C.G.S. unit of power is the Watt, which is 10’ ergs i Joule) 
per second. 

One horse-power is equivalent to about 746 watts. 

If a force of F lb. wt. keeps its point of application moving in 
the direction of the force with uniform speed v feet per second, 

Fv 

the work done per second is Fv ft. lb. and the H.P. is . 

550 


In the case of a train running at a speed of v feet per second, 
the work done by the engine per second is equal to the pull multi- 
plied by V, and the H.P. of the engine is obtained by dividing this 
product by 550. If the speed v is uniform, then the p>ull of the 
engine is equal to the resistance R due to friction, etc., and the H.P. is 

equal to . 

^ 550 


If the train is accelerating the work per second is not Rv, as 
work is also being done in accelerating the train. 


§ 88 . Example (i). 

The total mass of an engine and train is 200 tons, what is the H.P. of 
the engine if it can just keep the train moving at a uniform speed of 60 
m.p.h. on the level, the resistances due tofrictiem, etc., amounting to 10 lb. wt. 
per ton ? 

Since the speed is uniform, the pull of the engine is equal to the 
total resistance, i.e. 200 x 10 or 2000 lb. wt. 


and the 


60 m.p.h. = 88 ft. /sec. 

.• . the work per second = 2000 x 88 ft. lb. 


H.P. = 


2000 X 88 

550 


320. 


Example (ii). 

What H.P. is required to take a train weighing 200 tons at a uniform 
speed of m.p.h. up an incline of i in 100, the resistance due to friction, 
etc., being 10 lb. wt. per ton ? 

The resistance = 2000 lb. wt., the component of weight down the 
slope = 2 tons = 4480 lb. wt. Since the speed is constant, the pull 
of the engine must be equal to the resistance + the component of the 
weight, 
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the pull - 2000 -|- 4480 — (>480 lb. wt., 
the work per second = 6480 x 44 ft. lb., 

6480 X 44 


, the H.P. 


Example (iii). 

An engine of 200 U.P, is taking a train of mass 150 tons up an incline 
of I in 250, ayid the resistance is 5 lb. 2 vt. per ton mass. What is the maxi- 
mum uniform speed of the train in m.p.h. 

The maximum work per second which can be done by the engine is 
200 X 550 ft. lb. 

The resistance is 150 x 5 -- 750 lb. wt. 

The component of weight down the slope 

150 X 2240 ^ 

1344 lb. wt. 


At uniform speed v ft. /.sec. the pull of the engine must equal the 
resistance h component of weight. 


.-. the pull ~ 1344 -f 750 — 2094 lb. wt., 
and the work per second — 20941; ft. lb., 

.-. 2094P ~ X 55^. 


200 X 550 
2094 
200 X 530 X 60 
2094 X 88 

35 m.p.h. 

349 ^ 


ft. /sec. 

m.p.h. 


§ 89. Work done by a Couple. 

Let the forces of the couple be each P and let the aim AB be of 
lengtli p. Siqipose AB to move to the position A'B', where the 
angle ])etween \H and A'B' is the small angle 8 ^. 



WV may suppos(‘ the motion of AB (Fig. 55 ) to take place in 
two stages. First, suj)j)ose the forces to move parallel to them- 
selves so that AB conies to the position A'C. The work done by 
the equal and opposite forces P during this displacement is zero. 

Now suppose the forces to turn through the angle 86 about A\ 
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The force P at A' does no work as its point of application does not 
move. The displacement of the point of application of the other 
force P at C is phd, and the total work done is thus Pph6, i.e. the 
moment of the couple multiplied hy the elementary angle turned through. 

If the moment of the couple M remains constant, the work in 
turning through an angle 6 is 

^Mde ^ Me. 

J 0 

If the moment is variable the work is still 

^MdB. 

^ 0 


§ 90. Transmission of Power by Belts. 

Suppose a belt passes round a pulley which it turns without any 
slipping, 



Let Pp Pg tensions in the portions of the belt 

which are receding from and approaching the pulley (Pj > 7'.,), 

These tensions both act away from the pulley, and the total work 
done by them when the belt moves through any distance will be the 
product of the difference of the tensions and the distance. 

If r feet is the radius of the pulley, n the number of revolutions 
per second, then the distance moved by the belt in i second is 
27rrn feet. * 

The work done jx^r second by the belt is therefore 
27Trn(Ti — Pg) ft. lb., 


and this is the amount of work transmitted per second. The H.P. 
transmitted is 


27Trn 

550 


(J, - T,). 


Example. 

Power is transmitted from one shaft to another by means of a single 
belt running at 6 o ft. j sec. If the tensions in the two straight parts of the 
belt are in the ratio 0 / 5 : 2 , and if the greatest power that can be transmitted 
without breaking the belt is 20 H.P., what is the tension which will just 
break the belt? (IS.) 

4 * 
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The actual tension on the tighter side is the limiting tension. 
If T^, are the tensions on the two sides in lb. wt., the work per 
second is 

(Tj - T^) 6 o ft. lb., 

( 1 \ - r*)6o = 20 X 550, 

. -550 

’ ' 5 ' 3 * 

Tj = 3055 lb. wt. 

A tension slightly over this will break the belt. 

§91. Tension in an Elastic String. 

It is found by experiment that the tension of an elastic string 
varies as the extension of the string beyond its natural length. This 
fact was discovered by Hooke, and is embodied in what is usually 
known as Hooke’s Law. This may be stated as follows : — 

If I is the natural length of an elastic string, and V the stretched 
length, then the tension T is given by 

T = |(/' - 1 ), 

where £“ is a constant depending on the thickness and material of 
the string. E is usually called the Modulus of Elasticity of the Strinf^, 
and is often denoted by A. 

It is obvious that E is the teirsion required to stretch the string 
to double its natural length. 

Young’s Modulus is the value of E for a string of unit area cross- 
section. 


§ 92. Work done in Stretching an Elastic String. 

Let E be the modulus and I the natural length, then for an 
extension x, 


T = 



the work done in stretching the string through a further distance 
dx, so small that T may be supposed constant throughout dx, is 
E 

Tdx or -jxdx. 

Hence the work done in increasing the extension from x^ to x^ is 




xdx 


1x1 


- % 


II2 


I 


i? + Xj 

/ z 
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Now -r,r«is the final tension, and ^y, is tlu* initial tension, 

? ^2 + 

/ 2 

is the mean of the initial and final tensions. 

Also (.Yg •“ %) is the extension produced. 

Hence the neork done is the product of the mean of the initial and 
final tensions and the extension. 

Example. 

An elastic string, of natural length 2 feet, is stretched i inch by a 
weight of 1 lb. hanging on it. Find the work done in stretching it from a 
length of 2^ feet to 3 feet. 

The fact that i lb. wt. stretches the string i inch enables us to 
find E, 

for I = — . JL, E — 24 lb. wt. 

2 12 

The tension for an extension of 6 inches is, 

r, = - . 1 = 6 lb. wt. 

2 2 

The tension for an extension of 12 inches is, 

Tg — ^ . I = 12 lb. wt. 

2 

the mean of the initial and final tensions is 

= q lb. wt., 

2 

and the extension is 6 inches or J foot, 

.’. the work done = 9 x J = 4J ft. lb. 

Note. — Care must be taken in using Hooke's Law to keep all length 
measurements in the same units, e.g. in the above example i inch 
must be brought to feet. 

§93. Energy. 

The energy of a body is its capacity for doing work. Since the 
energy of a body is measured by the work it can do, the units of 
energy will be the same as those of work. 

A body may possess energy owing to a variety of causes, e.g. 
heat and electricity are forms of energy, which can be converted 
into mechanical work. In dynamics, however, we are only con- 
cerned with purely mechanical energy which may be of two kinds, 
Kinetic or Potential. 

§ 94. The Kinetic Energy of a body is the energy it possesses in 
virtue of its motion, and is measured by the amount of work which it 
does in coming to rest. 
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Consider a particle of mass vi moving with velocity v, and sup- 
pose it is brought to rest by a constant force P which produces in it 
a retardation /, then P — mf. 

Let X be the space described by the particle before it comes to 
rest, then 

O ™ — 2fx, 

.\fx = \v^. 

Now th(i work done by the particle is PXy = mfXy 
the work done = 

the kinetic energy of the body ~ \mv^. 

It should be noticed that gives the kinetic energy in absolute 
units, e.g. ft./pdls. or ergs. 

§ 96. The Potential Energy of a body is the work it can do in 
moving from its actual position to some standard position. 

Examples of potential energy are : the energy of a weight above 
the ground (the standard position being the surface of the earth), 
compressed air (the standard position being the volume it would 
occupy at atmospheric pressure), a bent or compressed spring (the 
standard position being its natural shape). 

§ 96. A particle of mass m falls from rest at a height E above the 
ground. Show that the sum of its potential and kinetic energy is 
constant throughout the motion. 

The potential energy at height h is the work the particle can do 
in falling to the ground, and this is equal to the work done in raising 
it to height A, viz. mgh absolute units. 

Let V be the velocity of the particle when it has fallen through 
a distance % to a point P, 
then = 2 gx. 

Its kinetic energy at P == ^mv^ = mgx. 

Its potential energy at P = mg{h — x), 

the sum of its kinetic and potential energies at P is 
mgx + mgh — mgx = mgh. 

On reaching the ground the velocity F. is given by 

F* =. 2ghy 

the kinetic energy = Jw F* = mgh, 

= potential energy at height h. 

Hence, on reaching the ground, aU the potential energy has been 
transformed into kinetic energy. 

§ 97. The example in the last paragraph is a simple illustration 
of the principle of the Conservation of Energy. In its most general 
form this principle states that— 
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The total amount of energy in the universe is constant, energy 
cannot he created or destroyed, although it may he converted into various 
forms, e.g. heat, light, sound. 

In the example of the last paragraph, when the particle hits the 
ground it apparently loses all its energy. Actually the kinetic 
energy has been converted into other forms of energy, mainly heat. 

Similarly, when a body is projected along a rough horizontal 
surface which reduces it to rest, its kinetic energy is gradually 
transformed into heat. In dynamics we are not concerned >^ith 
the energy once it has been transformed, but it must be remem- 
bered very carefully that in all cases where there are sudden jerks 
or impacts in a system, or where there is motion against friction of 
any kind, some mechanical energy is always apparently lost ; it is 
actually converted to other forms. 

If we exclude forces of this nature which cause conversion of 
energy to other forms, and consider a system of bodies acted on 
only by forces (such as gravity) which depend only on the positions 
of the various parts of the system and not on their motion, we can 
use a restricted form of the general principle applicable to mechanical 
energy alone (i.e. apart from other forms), and often called the 
Principle of Energy. 

In the case of forces such as gravity the work done in bringing 
a system from one position to another depends only on the initial 
and final positions and not on the manner in which the transition 
is made. Such forces are called Conservative, and the principle of 
energy so often used in dynamical problems may be stated as 
follows : 

If a system of bodies in motion he under the action of a conservative 
system of forces, the sum of the kinetic a^td potential energies of the 
bodies is constant. 

In most cases dealt with in dynamics the conservative system 
of force is that due to gravity. Other examples of conservative 
forces are (i) the attraction between two particles which is a function 
of their distance apart, (ii) any force which acts towards a fixed 
point, and is a definite function of the distance from that point. 

§ 98 . The principle of energy is most commonly used when 
considering motion under gravity ; it tells us that, in the absence of 
friction and impacts, for any loss in kinetic energy there must be an 
equal gain in potential energy and vice versa. 

Thus, for a body sliding down a smooth inclined plane the 
kinetic energy acquired is equal to the loss of potential energy, and 
depends only on the vertical distance descended. 

The kinetic energy, and therefore the velocity, acquired in sliding 
down the plane is the same as that acquired by falling vertically 
through the height of the plane. 
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If a ring threaded on a smooth vertical circle is projected up from 
the lowest point, the velocity at any point depends only on the 
vertical height of that point above the bottom of the circle. Simi- 
larly, for a particle sliding down any smooth curve ; the velocity at 
the bottom depends only on the vertical height descended. 

Great care must be taken never to use this principle in probh^us 
where there is any friction, or any sudden jerk or impact. In sucli 
cases energy is nearly always converted. 

§ 99 . Example (i). 

A tramcar weighing 5 tons runs freely down an incline of i in 40, with 
a constant speed of 12 m.p.h. What horse-power is required to drive it at 
the same speed up the same incline, the frictional resistance being the same 
in each case ? (l.H.) 

Since the car runs down the incline w’ith constant speed, the frictional 
resistance must equal the weight component, i.e. 

I 2240 ^ 

g ton wt., or — g — — 280 lb. wt. 


In going up the incline, the total force to be overcome is therefore 
280 -f- 280 560 lb. wt., and this must be the tractive force. 

12 m.p.h. ” Y ft. /sec., 

560 X 88 

the work per second — ^ = 112 x 88 ft. lb., 

, I 12 X 88 

.*. the H.P. required — — = 17*92. 

Example (ii). 

A man is cycling at 10 m.p.h. up a slope of 1 in 30. If the man and 
machine weigh 180 lb., and frictional resistances are equivalent to 2 lb. wt., 
find the rate, in horse-power, at which the man is working. Assuming 
that the man exerts a constant vertical pressure on each pedal in its down- 
ward path, find this pressure when the cranks are inches long and the 
gear is 72 inches. (I E.) 

The component of weight down the slope is 6 lb. wt.. 


.*. the total force overcome = 6 -f 2 = 8 lb. wt.. 


the work per second 
the H.P. 


8 X 88 


ft. lb., 
16 

X 550 "" 75 


6 

8 X 88 


The gear being 72 inches means that for each revolution of the 
crank the bicycle moves forward a distance 72 tt inches. 

The external work done in one revolution ~8 x 487Tft. lb. 

In one revolution the man exerts a pressure P through a distance of 
4 X 6J inches “ ft.. 


the work he does = P ft. lb,, 
... YP = 4871, 


•. P = 


6 X 48 X 22 


69*6 lb. wt. 


13 X 7 
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Example (iii). 

A mass of 12 lb, is attached to one end of an elastic string of natural 
length 4 feet, whose other end is fixed at a point A, The modulus of the 
string is svich that the 12 Ih. mass hanging vertically would stretch the 
string 6 inches. The mass is held at A and allowed to fall vertically. 
How far below A will it come to rest ? 

Since 12 lb. wt. stretches the string 6 inches or J foot, 


12 g = 


E 

4 


or E — g 6 g poundals. 


When the mass has fallen 4 feet its velocity is V 2g x 4 = 16 ft. /sec., 
and its kinetic energy is J . 12 x 16* ft. poundals. 

The mass now begins to stretch the string, and the extension will 
go on until the work done in stretching is equal to the Joss of kinetic 
and potential energy of the 12 lb. mass. 

If the extension produced when the mass comes to rest is x feet, 
E 

the final tension is — . ;r poundals, and the initial tension is zero. Hence 
the work done in stretching 

E 

^ -^x^ ft. poundals 




i2gx^ ft. poundals. 


The loss of kinetic energy of the mass is 6 X 16* poundals, and the 
loss of potential energy of the mass is 12 gx ft. poundals. 


.-. I2gx^ == 6 X 16* 4- 12gX, 
12X* = 48 4- I2;r, 

x^ — X ~ ^ — o. 




14- Vi 4- 16 
2 


2-56 ft. 


Hence the distance below A at which the mass comes to rest is 
6*56 feet. 

Note (i ). — It is important to remember that as the mass descends 
and stretches the string it loses both kinetic and potential energy. In 
solving the quadratic for x, the root with the negative sign in front of 
the radical can be ignored as it would be negative. 

Note (n). — After the mass comes to rest the string will contract 
and pull it up again, and, assuming that no energy is dissipated in the 
stretching, when it reaches the point 4 feet below A it will have the 
same velocity as it had when going down, and this will be just sufficient 
to take it up to A again. 


§ 100. In problems where a mass loses velocity owing to the 
action of a retarding force, e.g. a bullet passing through a plank, 
or a train being pulled up by its brakes, we can obtain a measure 
of the retarding force in two ways : — 
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(1) If we know the time during which the force acts, and the 
initial and final velocities u and v of the mass w, then if F is the 
average force, 

Ft — m{u — v). 

(2) If we know the distance s travelled during the retardation 
we can obtain the average force by equating the work done to the 
loss of kinetic energy, 

Fs = im{u^ — v^). 


It must be clearly understood that the measure of the force thus 
obtained is an average value. In the first case it is a time average, 
and in the second a space average. 

If the force is constant the two methods will give the same 
value, but if the force is not constant the values will be different. 
For if 

m{u^ — __ m{u — v) 

2 s ~~ t ' 
u + V __s 

2 “ r 


i.e. the average velocity is equal to the means of the initial and 

final velocities. Now, this is not necessarily the case unless the 
acceleration is constant, i.e. unless the force is constant. 


EXAMPLES XIV. 

A vessel of 30,000 tons, whose engines are of 30,000 H.P., is steaming 
at the rate of 15 m.p.h. Find the resistance per ton of the vessel’s 
mass. (I-S.) 

2. A motor car, of total weight 30 cwt., is running on a level road at a 
uniform speed of 30 m.p.h. On reaching a hill, which descends at 
a uniform gradient of i in 20, it is allowed to free-wheel, and the 
speed is observed to remain the same as before. Calculate the resis- 
tance of the road, and the horse-power exerted on the level. (I.S.) 

3. A train whose mass is 250 tons runs up an incline of i in 200 at a 

uniform rate of 20 m.p.h., the resistance due to friction, etc., is 
equal to the weight of 3 tons. At what horse -power is the engine 
working ? {I*S.) 

4. A train of mass 100 tons acquires uniformly a speed of 30 m.p.h. 

from rest in 400 yards. Assuming a resistance of 7 lb. wt. per 
ton mass of the train, find the tension in the coupling between 
the engine and the train, and the maximum horse-power at which 
the engine is working during the 400 yards run. The mass of 
the engine may be neglected. (I-S.) 

5. A locomotive of 896 H.P. and weight 90 tons is dragging a train of 

weight 120 tons up a slope of i in 84. The frictional resistances 
amount to 80 lb. wt. per ton. Find the maximum uniform speed 
at which the train can travel up the incline. (I-S.) 
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6. A train of total mass 250 tons is drawn by an engine working at 

560 H.P. If at a certain instant the total resistance is 16 lb. wt. 
per ton, and the speed is 30 m.p.h., what is the train's acceleration 
measured in m.p.h. per second ? (I.S.) 

7. A load of 3 tons is being hauled by a rope up a railway line which 

rises i in 140. There is a retarding force, due to friction, etc., of 
50 lb. wt. per ton of load. At a certain instant the speed is 10 
m.p.h. and the acceleration is 2 ft. /sec.* Find the pull in the rope, 
and the horse-power exerted at that instant. (I A.) 

8. A motor car of mass 2 tons arrives at the bottom of a hill half a 

mile long, which rises i in 112, with a speed of 20 m.p.h., and 
reaches the top of the hill with a speed of 10 m.p.h. If there is a 
retarding force, due to friction, of 10 lb. wt., calculate the number 
of foot-pounds of work done by the engine in getting the car up 
the hill. (I.A.) 

9. Find the ratio of (i) the momenta, (ii) the kinetic energies, of a 

mass of 8 oz. moving at miles a minute, and a mass of 10 
kilograms moving at 2 metres per second. (i lb. — 454 gm., 
I ft. = 30-5 cm.) (I.A.) 

10. A car weighing 2J tons is accelerating at 1 ft. /sec.* up an incline 

of I in 50, the resistance being 30 lb. wt. per ton. Find the horse- 
power exerted when the speed is 20 m.p.h. (I S.) 

11. A man with his bicycle weigns 200 lb. He begins to ascend an 

incline of i in 10, with a speed of 25 m.p.h., and with uniform 
retardation. He has to dismount when his speed is not greater 
than 5 m.p.h. If he works at an average of H.P., how far will 
he ascend ? How far would he have ascended if he had not worked 
at all ? (I.E.) 

12. A particle is set moving with kinetic energy E straight up a rough 
inclined plane, of inclination a and coefficient of friction /x. Prove 
that the work done against friction before the particle comes to 
rest is 

Eli. cos a 
sin cc cos a 

What is the condition that the particle, once reduced to rest, 
shall remain at rest ? (I-S.) 

13. Express in ft. lb. the kinetic energy of 5 cwt. moving at 6 m.p.h. 

A mass of 10 tons is drawn up a slope of i in 96 against a resistance 
of 125 lb. wt. If 43 H.P. is used, find the greatest speed that the 
mass can have. (I.A.) 

14. Find the uniform force that will move a i lb. mass from rest through 
I foot in I second. If this force is exerted while the mass moves 
through lob yards from rest, find the number of ft. lb. of work 
done by the force and the maximum horse-power attained. (I.A.) 

15. A train is running at 30 m.p.h. when it is at a distance of J mile 
from a station. Steam is then shut off and the train runs against 
a uniform resistance equal to , J,, of the weight of the train. If the 
uniform brake force that can be exerted on the train provides a 
resistance equal to of the weight of the train in addition to the 
above resistance, find how far from the station the brake must be 
applied so that the train may be brought to rest at the station. 

(LA.) 
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16. Calculate the number of ft. lb. of energy which are required to 
raise a i6 lb. shot to a height of 7 feet, and then project it with an 
initial velocity of 36 feet per second. What is the horse-power 
required for a motor car, which weighs 3000 lb. and can travel at 
30 m.p.h., against an air resistance equal to of its own weight ? 

(LA.) 

17. A man lifts a stone weighing 12 02. from the ground to a height of 

5 feet 8 inches, and then throws it away horizontally with a velocity 
of 20 ft. /sec. How many ft. lb. of w^ork has to be done on the 
stone ? If the man does this twenty times a minute, find the 
average rate in horse-power at which he is working, neglecting the 
work he does in moving himself. (l.A.) 

18. Express i H.P. in (a) gravitational, (6) absolute units, when the 

units of mass, length, and time are i ton, i mile, and i hour respec- 
tively. A motor car engine, working at a uniform rate of 7-5 H.P., 
can drive a car at a uniform speed of 18 m.p.h. against a uniform 
resistance. The car weighs 30 cwt. At what speed will the 
engine drive the car up a slope of i in 10, if it works at the same 
power and iheets the same resistance ? (ES.) 

19. A man and his cycle are of total mass ni ; he can w^ork at a uniform 

horse-power of H ; his least speed consistent with remaining on his 
machine is V. What is the inclination of the steepest hill he can 
ascend at a constant speed, assuming that there is a constant 
frictional resistance R to be overcome ? What is the average 
pressure on his pedal at right angles to the crank if the gear multi- 
plication is n ? Find numerical results if m — 150 lb., V 4 m.p.h., 
H R -- 5 lb. wt.. n -- 10. (I.S.) 

20. A bicycle is geared up to 70 inches, and the length of the pedal 

cranks is 6 inches. Calculate the velocity of the pedal (a) at its 
highest point, (b) at its low'est point, when the bicycle is going at 
10 m.p.h. If the bicycle and rider weigh 160 lb., find the pressure 
on the pedals in climbing a hill of 1 in 50. (I.E.) 

21. An engine draws a train of w^eight 230 tons along a level track at 

a speed of 35 m.p.h. against resistances which may be taken at 
12 lb, wt. per ton. Ldnd the horse-power necessary to draw the 
train at the same speed up an incline of i in 160. (I.S.) 

22. f ind the horse-power required to enable a 200- ton train to travel 

up a slope of 1 in 80 at 30 m.p.h., frictional resistances being 20 lb. 
per ton. What is the maximum speed (in m.p.h.) which it could 
maintain on the level ? (Ex.) 

23. An engine draws a load weighing half a ton out of a pit 300 feet 

deep by means of a rope which cannot bear safely a load greater 
than three-quarters of a ton. Find the least time required to raise 
the load to rest at the surface, and the greatest horse-power exerted 
by the engine. (Ex.) 

24. The weight of an engine and train is 250 tons ; what is the least 

horse-power of the engine if it is capable of increasing the speed 
of the train from 20 m.p.h. to 50 m.p.h. in a distance of half a mile 
on the level ? The total resisting force is 14 lb. wt. per ton, and 
the pull of the engine is assumed to be constant. (H.S.C.) 

25. Idnd the horse-power of an engine which pulls a train of 150 tons 

at a speed of 40 m.p.h. on the level, the resistance due to friction 
being 16 lb. per ton. Also find the maximum speed at which the 
engine could draw the train up a slope of 1 in 200. (H.S.D.) 
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26. A train, of weight 250 tons, meets with a constant frictional and 

air resistance of 16 lb. per ton of its weight. Wlien the engine 
is doing 600 on the level and the train is running at 25 m.p.h., 

what is the acceleration of the train ? What would be the greatest 
possible speed for the train at this rate of working, if the resist- 
ances did not alter ? (H.S.D.) 

27. A train travelling uniformly on the level at 60 m.p.h. begins an 

ascent of i in 50. The tractive force due to adhesion has a maxi- 
mum value of 3 tons, the resistances due to friction, etc., are 30 
cwt., and the weight of the whole train is 200 tons. Show that it 
cannot surmount the incline if this exceeds y miles in length, and 
find the horse-power exerted by the engine, (i) just before l.)eginning 
the ascent, (ii) just after. (I.S.j 

28. Assuming that the frictional and other resistances to the motion 
of a train on the level are 10 lb. wt. per ton in a route which ascends 
660 feet in 10 miles, and then descends through the same height 
in the same distance ; show that if a detour on the level, avoiding 
the incline, would not exceed in total distance 38 miles there w ould 
be economy in running, supposing that in descent steam is shut off. 

(l.E.) 

29. A force c(pial to the weight of 5 lb. acts on a mass of 30 lb., origin- 
ally at rest, for 10 seconds. Find, in feet, the distance travelled 
by the mass, and in ft. lb. the kinetic energy generated in it. (H.C.) 

30. Find the horse-power required to pump 500 gallons c>f water per 

minute from a depth of 100 feet, the w^ater being delivered through 
a circular pipe 3 inches in diameter. (Assume that i cubic foot of 
water is bj gallons, and that i gallon of water weighs 10 lb., and 
neglect friction.) (H.C.) 

31. Find the horse-powder of an engine which can fill a cistern 200 feet 

above the level of a river, with 30,000 gallons of w ater in 24 hours ; 
assuming that a gallon of water weighs 10 lb., and that only two- 
thirds of the work actually done by the engine is available for 
raising the water. (H.C.) 

32. An engine is raising water from a depth of 55 feet and discharging 

16 gallons a second with a velocity of 44 feet per second. Taking 
the weight of a gallon of water to be 10 lb., find separately in 
ft. lb. the potential energy and the kinetic energy of the w ater dis- 
charged per second, and find the horse-powder at which the engine 
is working. (H.C.) 

33. Calculate the horse-power of an engine which can pull a train of 

400 tons up an incline of i in 100 at a uniform speed of 40 m.p.h. 
against a track resistance of 9 lb. wt. per ton. (H.S.D.) 

34. The horse-power developed by a locomotive going at 25 m.p.h. is 

20, the weight is 40 tons, and the resistance 7 lb. per ton ; if the 
acceleration be constant, find the tractive force, the time taken, 
and the distance gone from rcvst. The maximum horse-power that 
can be developed being 35, find the greatest distance that can be 
gone in 3 hours from rest. (IE.) 

35. A train of mass 300 tons is ascending a slope of 1 in 120 with an 

acceleration of 0-5 ft. /.sec.® At a speed of 15 m.p.h. the horse- 
power developed is 1225. Find the magnitude of the resistances, 
apart from gravity, acting on the train. (H.S.C.) 

36. If a body move in a straight line under the action of a constant 
force, prove that the increase in the kinetic energy of the body 
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during any interval is equal to the work done by the force. A lift 
weighing 5 cwt. rises from rest through a height of 50 feet in 
5 seconds, with a uniform acceleration. Find the average horse- 
power exerted during this time. (H.S.D.) 

37. A motor car weighing a ton is travelling on the level at 20 m.p.h. 

Coming to a slope of i in 20 the car is allowed to free-wheel, and 
runs down the slope at this same uniform speed. At what horse- 
power was its engine working on the level ? (H.S.D.) 

38. A motor lorry weighing 2 tons runs down an incline of i in 200 with 
a uniform velocity of 15 m.p.h., the engine being cut off. What is 
the resistance of the road in lb. wt. per ton ? What horse-power 
would the engine require to maintain the same speed on the level ? 

(H.S.C.) 

Express an acceleration of 15 m.p.h. per minute, in feet per second 
per second. Find the force which would produce this acceleration 
in a i6o-ton train on the level, neglecting frictional resistance, and 
find the final horse-power needed to continue this acceleration for 
4 minutes from rest. (H.S.C.) 

Mnd the horse-power required to draw a train of 200 tons on the 
level at 50 m.p.h. if the resistance is 10 lb. wt. per ton. A train 
is drawn on the level at a certain constant speed by using horse- 
}X)wer H if is the horse-power required to draw the train at 
the same speed up an incline of i in 100, the resistance being 
10 lb. wt. per ton in each case, show that H' — 3*24 H. (H.S.D.) 

41. An engine of 748 h.p. is taking a train of 200 tons total weight up 
a slope of I in 100, road resistances being 15 lb. per ton. Find 
the greatest steady speed in m.p.h. which can be maintained. 

(H.S.C.) 

42. Find the horse-power required to pump 1000 gallons of water per 

minute from a depth of 50 feet and deliver it through a pipe of 
6 square inches cross-section. (Assume that i cubic foot of water 
is 6J gallons, and that a gallon of water weighs 10 lb., and neglect 
the effects of friction.) (H.S.C.) 


A particle is projected with velocity F up a line of greatest slope 
of a rough inclined plane of a® slope, the angle of friction being 
A° (A less than a). Show that it reaches the point of projection 
again with a velocity 

V y/ sin (a — A) cosec (a + 

after a time, 

j cos A [^cosec (a -f A) -f yf cosec (a -h A) cosec(a — A) J. 

K 4. What must be the horse-power of an engine which is to fill a reser- 
^ voir 500 yards long and 300 yards wide to a depth of ii feet by 
pumping water from a river a mile away and 500 feet lower in 
level, in fifteen days working day and night, (i cubic foot of water 
weighs 62*5 lb.) (I-S.) 

45. Express the weight of a pound in dynes, supposing that i lb. == 453*6 
gm., I metre = 39*37 inches, and g == 32*2 ft. sec. units. 

Find the horse-power of an engine that can pull a train of 300 
tons up an incline of i in 200 at a steady rate of 45 m.p.h., the 
resistance to motion being 12 lb. wt. per ton. (I S.) 
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46. 


47 - 


48. 


49 - 



An engine of horse-power 550 and weight 40 tons pulls a train of 
280 tons against a resistance of 14 lb. wt. per ton. Find the 
maximum speed on the level. Find also the maximum speed up 
an incline of i in 156 ; and calculate what is the slope of the 
incline down which the train can run at constant speed without 
the use of steam or brakes. (H.S.D.) 

Two engines of weights 50 tons and 40 tons and of horse-powers 
600 and 500, respectively, pull a train of weight 460 tons against 
a resistance of 12 lb. wt. per ton, the heavier engine being in front, 
hind the maximum speed on the level, and the tension in the 
coupling between the two engines when this speed is attained. 

(H.S.D.) 

A car weighing 3 tons will just run down a slope of i in 20 under 
its own weight. Assuming that the forces resisting its motion 
remain constant, and that the engine exerts a constant tractive 
force, find to the nearest unit the horse-power of its engine if it 
can attain a velocity of 30 m.p.h. in 4 minutes on the level. (C.S.) 
A 20 H.P. motor lorry, weighing 5 tons, including load, moves up 
a hill with a slope of i in 20. The frictional resistance is equivalent 
to 13 lb. wt. per ton, and may be supposed independent of the 
velocity. Find the maximum steady rate at which the lorry can 
move up the slope, and the acceleration capable of being developed 
when it is moving at 6 m.p.h. (C.S.) 

A particle is projected with velocity V directly up a rough plane 
of inclination a. Show that when it again has velocity V it will 
be at a distance 

F* cos a sin 2A 


g * cos 2A — cos 2a 

from the point of projection, A being the angle of friction which is 
less than a. (H.S.D.) 

51. An engine in 7 seconds has raised a load of i ton through a height 

of 3 feet, and has communicated to it a speed of 10 ft, /sec. At 
what average horse-power has it been working ? (H.C.) 

52. A dock 600 feet long and 120 feet wide, with a depth of water 36 
feet, has to be pumped dry in 6 hours, all the water being lifted 
to a level of 2 feet above the original water level in the dock. If 
the useful horse-power exerted by the pumping engines is con- 
stant, calculate what it must amount to, and show that it takes 
if hours to empty the last 6 foot of water in the dock. (Q-E.) 

53. A car weighing i ton has climbed a height of 100 feet in going 

I mile ; it started from rest and is proceeding at 40 m.p.h. at 
the end. The frictional resistance of the road is 50 lb. wt. What 
is the ratio of the gains of kinetic and potential energy, what 
fraction of the total work done is stored, and what is the average 
horse-power exerted if the climb took 3 minutes ? (Q E.) 

54. A car weighing 7 tons moves from rest along a horizontcil track 

under a uniform tractive force on the wheels, the horse-power 
after i minute being 20. How long will the car take to acquire a 
velocity of 15 m.p.h., and what will be the horse-power at that 
moment ? (Q E ) 

55. A car weighing 2 tons is accelerating at ft. /sec.* up a 10 per cent, 

gradient, the resistance being 35 lb. per ton. When the car is 
running at 25 m.p.h. what is the horse-power ? (Q E-) 
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56. A jet of water issues from a pipe, of cross-section equal to 5 square 
inches, at tlie rate of 400 gallons per minute. If the whole of its 
energy could be used, show that it would be doing work at the 
rate of i-8 H.P. nearly, given that a gallon of water weighs 10 lb., 
and that its volume is 277} cubic inches. (IS.) 


57. A belt is 6 inches wide and J inch thick, and the diameter of the 

pulley is 3 feet, the safe stress for the belt is 1000 lb. per square 
inch, and it runs at 12 ft. /sec. ; find the maximum horse-power 
that can be transmitted to the pulley when the approaching part 
of the belt is quite slack. Determine the angular speed of the 
pulley, and tlie torque or moment transmitted to it. (I.E.) 

58. A pulley jJ feet in diameter receives 10 H.P. when revolving 180 

times per minute, and the tension of the belt on the tight side is 
2I times that on the .slack side. Find the ten.sion on the tight 
side, and the width of the belt required if its thickness is ^ inch, 
and the greatest tension it can support is 330 lb. per square inch 
of cross-section. (H.S.C.) 


59. 


An engine erf Af tons, working at horse-power H, draws n carriages, 
each of mass AI' tons, at a uniform rate of v m.p.h. Assuming the 
resistance on the engine and on each carriage to be proportional 
tc; the weight, prove that the tension of the coupling between the 
engine and the nearest carriage is equal to 


75 HnM' 
448 (M+nM')v 


(I.C.) 


60. A weight of 4 kilos will compress a spring through 2-3 cm. A 

model truck, weighing 250 gm., runs into the spring, used as a 
butler, with a velocity of 90 cm. /sec. How far will the spring be 
compressed before the truck is brought to rest ? (H.C.) 

61. A mass of 160 lb. is attached to one end of a light rope, the other 

end of which is made fast at a point A. The rope is elastic, obeying 
Hooke’s law . and its breaking tension is 2000 lb. wt. If the rope 
does not break w^hen the mass is dropped freely from A, prove that 
the elongation of the rope under its breaking tension must exceed 
19 per cent. (C.S.) 

62. A truck weighing 1000 lb. is hauled up a slope of i in 20 measured 
along the slope. The truck starts from rest. The acceleration is 
uniform and the velocity after 10 seconds is 15 ft. /sec. Prove that 
the pull on the truck is about 97 lb. wt., and draw the graph 
showing the rate of working in horse-power in terms of the time. 

(Q-E.) 

63. I'wo men exerting together a force of 90 lb. wt. put a railway 

wagon into motion. The wagon weighs 6 tons, and the resist- 
ance to motion is 10 lb. per ton. How far does the wagon advance 
in I minute ; and at what rate, in horse-power, are the men working 
at the end of the minute ? If the men can at most do work at the 
rate of o-8 H.P., at what constant speed can they keep the wagon 
moving ? (Q-E.) 

64. Three ccjual weights are attached to the middle and ends of a light 
cord which is placed over two smooth pulleys at the same level, 
so that the central w^eight hangs symmetrically between the pulleys 
and the others hang vertically. If the central weight is pulled 
down until its connecting cord makes angles of 50® with the hori- 
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zontal, and is then let go, find what the angles will be when next 
the weights come to momentary rest. (fl.S.C.) 

65. A car of weight 10 tons is ascending an incline of i in 25, the fric- 
tional and other resistances being 17 lb. wt. per ton. If the 
maximum speed is 15 m.p.h., find the horse-power of the engine. 

Calculate the maximum speed on the level with the same resist- 
ances. {N.U.3) 

66. Determine the relation between the power exerted on a body and 
its velocity and acceleration, using lb. w't., ft., sec., units. 

A bofly which weighs W lb. is subject to a constant resistance 
O'l W lb. wt., and is moving dowm a slope of i in 20 under a con- 
stant tractive power hW. ft. lb. per second. By considering the 
power used, prove that when the speed is 10 k ft. /sec., the 
acceleration is about i-6 ft. /sec. * (N.U.3) 

67. Define work and average power. State the relation between the 
work done by the forces acting on a body for any interval and the 
kinetic energy of the body at the beginning and at the end of the 
interval . 

A car weighing 20,000 lb. is moving with constant acceleration, 
and its speed increases from 15 to 20 ft. /sec. in 50 seconds. Find 
the average horse-power used to produce this acceleration. 

(N.U.3) 

68. Find the rate at which work is being done by a cc^uple of moment G 
acting on and in the plane of a lamina rotating with angular 
velocity a> about a fixed point in it. 

A 10 H.P. electric motor is getting up speed from rest against 
a resisting couple whose moment is 320 poundal-feet. bind the 
maximum angular velocity of the rotating part and the time taken 
to attain it, if the acceleration is constant and ecpial to 40 radians 
per second per second. (N.U.3) 

69. An aeroplane propeller is performing i8oo R.P.M. when the engine 
of 200 H.I*. is exerting its full power. What is the magnitude of 
the couple exerted by the engine on the shaft of the propeller ? 

{N.U.3) 

70. A train of 375 tons is being drawn up an incline of i in i68 with a 
uniform acceleration of | ft. /sec.- by two engines, each weighing 
75 tons. If the frictional resistance is 16 lb. wt. jier ton, and both 
engines are working at the same rate, show that when the speed 
of the train is 30 m.p.h., each engine is working at 983J H.P. 

Also find the pulls in the couplings (i) between the second engine 
and the train, (ii) between the engines. 

[Note . — The slope of the track is sin-' lake g 32.] 

(N.U.3) 

71. The engine of a goods train weighs 80 tons, and it is working at 
500 H.P. while drawing at 20 m.p.h. a train of forty trucks, each 
w^eighing 13 tons. If the resistance to the motion of the engine 
and each truck is proportional to its weight, find the tension in 
the coupling between the engine and the first truck. 

If the coupling between the thirtieth and thirty -first trucks 
breaks, show' that if the engine continues to work at the same 
rate the front portion of the train will have an acceleration which 
continually decreases, and find the greatest speed which it can 
attain. (N.U.4) 
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72. An engine working at 600 H.P. pulls a train of 250 tons along a 
level track, the resistances to the motion amounting to 16 lb. wt. 
per ton. What is the acceleration of the train when its velocity 
is 30 m.p.h. ? 

At what steady speed, with the same horse-power, can the 
train travel up) an incline of i in 100 against the same resistances ? 

(C.W.B.) 


§ 101. Force-space Curve. 

This curve is obtained by p^lotting the distance 5 moved by the 
point of application of the force along an axis OX, and the values 
of the force for different values of s pwallel to a perpendicular 
axis OY. 



Let APB (Fig. 57) be a curve obtained in this way. 

The area of a strip PQ of breadth ds is FQds, or Fds, where F 
is the value of the force when s — OQ. 

Now the work done by the force is taken between the 

initial and final values of s. 

If OM ~ Si, ON ™ $2, the work done between these limits is 

J 81 

but this is the area under the curve APB. 

Hence the area under the force-space curve gives the work done 
by the force. 

We have assumed here that the curve AB is traced in the direction 
from A to B, i.e. that 5 is increasing. If it is traced in the op^posite 
direction, so that s is decreasing, the work given by the areas 
ABNM is done against the force (by other forces), and we must then 
reckon it as negative work as far as the force F is concerned. 

§ 102. Suppose the force-space curve is closed, as in Fig. 58, 
and traced in the direction shown by the arrows. 

Starting from A, the upper portion of the curve APB represents 
the magnitude of the force as its point of application moves in the 
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Fig. 58. 

direction of the force a distance represented by MN ; and tlie area 
APBNM represents the positive or useful work done by the force. 
The lower portion of the curve BQA represents the magnitude of 
tlie force as its point of application is being pushed back through 
the distance represented by MN ; the area AQBNM represents 
the work done against the force. 

The total positive or useful work done by the force while its 
point of application has moved from M to N and back is represented 
by the difference between the areas APBNM and AQBNM, i.e. by 
the ^rea of the closed curve APBQ. . 

§ 108. Indicator Diagrams. 

To obtain a measure of the amount of work done by the steam 
pressure in a steam engine during a complete stroke of the piston 
an indicator is attached to the cylinder of the engine. The indicator 
consists of a small cylinder containing a light piston controlled by a 
spiral spring, so that the vertical displacement of the piston is pro- 
portional to the steam pressure in the main cylinder. The indicator 
piston actuates a pencil which traces a curve on a sheet of paper 
placed on a rotating drum. 

The engine is thus made to trace its own force-space diagram. 
The curve is a closed one. and its area gives a measure of the work 
done by the engine at each stroke. 

§ 104. The following examples are of a rather harder type, and 
include cases where the resistance to motion is not constant. 

Example (i). 

The resistance which a train experiences, when moving at V m.p.h., is 
equal to 



lb. zvt. per ion weight of the train. If a train of weight 150 tons is drawn 
up a slope of 1 in 1^0 by an engine of 372 horse^power, show that the 
maximum speed attainable is 30 m.p.h. Also find the maximum speed 
down the s{ope with steam shut off, (Ex.) 



110 


intermediatp: mechanics 


At speed V m.p.h. the resistance is 


6 + 


-) 

100/ 


150 lb. wt.. 


the component of weight is 

150 X 2240 ^ 

140 

The total force resisting motion is 

The work per second is 

, V*\ S 8 V f. .. 

1501 6 4 - 16 4 * — I If- 

V 100/ 60 

V^\ 88 V 

372x550. 
V-- 


150 


\ioo 

2200V 


^22 + 

+ 22W = 372 X 5. y X 60 ^ 
/ 150 X S8 


930, 


93000 


and it can be seen that F = 30 satisfies this equation. 

The factors of the left-hand side are 

(V — 3 o)(F* + 3or -f 3100). 

so that the other roots of the equatioh are imaginary. 

In running down the slope, with steam shut off, the resistance 
increases with the speed until it becomes equal to the weight component 
down the slope, and then 


6 + 


-) 

100/ 


150 


150 X 2240 
140 ' 


6 -f — = 16, 

100 

== 10, 

100 


F* = 1000, or F = loVio m.p.h. 


Example (h), 

A cyclist and his machine together weigh 200 lb. Riding along a 
certain road he observes that, when he is free-wheeling down a slope of 
I in 40, his speed, when it has become uniform, is 20 m.p.h., and is 30 
m.p.h. when he is free-wheeling down a slope of i in 20. If the air resist* 
ance varies as the square of the speed, and other resistances remain constant, 
find in horse-power the rate at which he must work to maintain a speed of 
15 m.p.h. on the level. (H.C.) 

Let the air-resistance be kv* lb. wt. where v is the speed in feet per 
second, and ^ is a constant ; and let the other resistances be R lb. wt. 
In free-wheeling down a slope at uniform speed the total resistance 
must equal the component of weight down the slope. 
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Now, 20 m.p.h. = 
Hence we have 

ft./sec., and 30 m.p.h. = 44 ft./sec. 



i? + = 5 . 

• (i) 


9 40 

and 

R F ^ • 44^ ” — 10 . 

20 

■ («) 


whence 

Substituting in (ii), 


k = 


_ 9 


44 ^ 


i? — lo -- 9 — I. 

Hence the resistance at a speed of v ft. /sec. is 

gv^ 




15 m.p.h. == 22 ft./sec., and at this speed the total resistance is 

44* 4 

The work per second — . 22 ft. lb., 


Example (iii). 


the horse-power = ™ iq. 

4 X 550 


The pressure in the boiler of a two-cylinder locomotive is p lb. wt. 
per square inch ; the diameter of the piston is a inches, and the diameter 
of the driving wheel is b inches ; prove that if the length of the stroke is 
I inches, the tractive power of the engine is not more than 


paH 

'F' 


(I.E.) 


In one revolution the driving wheel moves ir6 inches, and if F is the 
tractive force, the work done is 

Firb in. lb. 


va^p 

Now the pressure on the piston is — - lb. wt., and since there are 

4 

two cylinders, the total distance travelled by the pistons is 4/ inches, 
.•. the work done = ira^pl in. lb., 

F = lb. wt., 
b 

and this is the maximum value for F. 


EXAMPLES XV. 

I. A motor-cycle and its rider together weigh 412 lb, and the cycle 
is being driven up a gradient of i in 10 at 30 m.p.h. If the air 
resistance is 0*005 F* lb. wt., where V is the speed in ft. sec. units, 
and if the resistance of the road surface is o-oi of the total weight, 
tind the effective horse-power developed by the engine. 
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2. A cyclist riding on a level road at 15 m.p.h. is working at the rate 

of o-i H.P. Assuming that the resistance in lb. wt., apart from 
gravity, varies as the square of the speed in ft. /sec., find the 
steepest gradient on the same road up which he can ride at 7^ 
m.p.h., working at the same rate, the cyclist and his machine 
weighing together 245 lb. (H.S.C.) 

3, The resistance to the motion of a train is K (speed)® ; the maximum 
power of the engine is H, and the maximum speed is V. Show that 

H 

the resistance at unit speed is 

If F — 60 m.p.h., H ~ 700 H.P., the total weight 500 tons, and 
the tractive force constant, find the starting acceleration, an.d show 
that it is ^ of the value at half-speed. 

u and V being two speeds and / the average acceleration during 
the change, show that the distance is given approximately by 


w® — 


(I.E.) 

4. A train of total weight 400 tons is travelling on the level at 60 
m.p.h., the engine working at 800 H.P. If the resistances, apart 
from air resistance, are 10 lb. wt. per ton, find in lb. wt. the magni- 
tude of the air resistance. 

If air resistance varies as the square of the speed, find the rate 
at which the engine is working when drawing the same train up a 
gradient of i in 200 at a steady rate of 30 m.p.h. ; and find the 
acceleration which the train would have on this gradient at this 
speed if the engine were working at 800 H.P. (H.C.) 

5. A motor car is running at a constant speed of 60 ft. /sec. It is 
found that the effective horse-power at the road wheels is 18. 
Find the resistance to motion. 

Assuming that the resistance varies as the square of the speed, 
and that the effective horse-power at the road wheels remains 
constant and equal to 18, prove that the distance required for the 
car to accelerate from 20 ft. /sec. to 40 ft. /sec. is 


6 . 


7 - 


750 log. t?- It- 

The car weighs 3300 lb., and in both cases the road is level. (C.S.) 
An engine of weight W tons can exert a maximum tractive effort 
of P tons weight and develop at most if H.P. The resistances to 
motion are constant and equal to R tons weight. Show that, 
starting from rest, the engine will first develop its full horse-power 
when its velocity is 

after at least 


55WH 


seconds. 


224 tPg(P — R) 

What is the greatest velocity which the engine can attain ? 

(C.S.) 

An engine weighing 96 tons, of which 40 tons are carried by the 
driving wheels, exerting a uniform pull gives a train a velocity of 
25 m.p.h. after travelling for 50 seconds from rest against a resist- 
ance of 10*5 lb. wt. per ton. If the friction between the driving 
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wheels and the rails is o*2 times the pressure, find the tension in 
the CGypling between the engine and the first carriage. (Tractive 
force — friction between driving wheels and rails.) (C.S.) 

8. A motor bicycle which with its rider weighs 3 cwt. is found to run 

at 30 m.p.h. up an incline of i in 20, and at 50 m.p.h. down the 
same incline. Assuming that the resistance is proportional to the 
square of the velocity, and that the engine is working at the same 
horse-power, find the speed that would be attained on the level, 
and show that the horse-power is 2J nearly. (C.S.) 

9. A train weighing 300 tons drawn by an engine weighing 100 tons 

attains a speed of 60 m.p.h. on the level when the engine is work- 
ing at the rate of 1200 H.P. Determine the resistance. Assuming 
that the resistance varies as the square of tlie velocity, and that 
the engine is working at the same rate, determine the retardation 
when the speed of the train up an incline of i in 100 has dropped 
to 40 m.p.h. (C.S.) 

10. A locomotive weighing 40 tons can pull 210 ten-ton trucks at 20 
m.p.h. on the level. The trucks will just run at 20 m.p.h. down 
an incline of i in 320. How many trucks can the locomotive pull 
at that speed up the same incline ? 

If the frictional resistance of the engine is 300 lb. wt., what is 
its horse-power ? (C.S.) 

11. An engine moves at a steady velocity v along level ground when 
working at a constant horse-power H, When moving up a plane 
inclined at a small angle to the horizontal its steady velocity under 
the same horse-power is v'. 

If the engine starts down the same incline with velocity v' and 
moves for t seconds with a constant acceleration until it reaches 
its steady velocity down the plane corresponding to the same horse- 
power H, show that the distance travelled in these t seconds is 

v'*i 

2V' — V 

Assume that the frictional resistance is constant throughout. 

(C.S.) 

12. A motor car weighing i* ton attains a speed of 40 m.p.h. when 

running down an incline of i in 20 with the engine cut off. It can 
attain a speed of 30 m.p.h. up the same incline when the engine is 
working. Assuming that the resistance varies as the square of the 
velocity, find the horse-power developed by the engine. (C.S.) 

13. An engine of mass 100 tons is allowed to run down a bank, whose 
slope is I in 30, with steam shut off, and is observed to attain a 
maximum speed of 80 m.p.h., air and frictional resistances being 
assumed proportional to the square of the speed. 

If the engine can develop 1000 H.P., show that its maximum 
speed up the bank, under its own steam, is 40 m.p.h. (= 59 ft. /sec.) 
nearly. (QE.) 

14. .A fast cruiser is propelled at a speed of 40 m.p.h. by means of 

engines whose effective horse-power is 40,000. Calculate the re- 
sistance to the motion of the ship, and assuming that the resistance 
varies as the square of the speed, what horse-power would be 
required for a speed of 45 m.p.h. (Q-E.) 
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15. A lo-ton electric tramcar runs on a 12-mile route which rises 

uniformly to a height of 200 feet above the starting-point. The 
average frictional resistance is 25 lb. per ton, and the car has fifteen 
stops from a speed of 15 m.p.h. The stops are effected by first 
cutting off the current and then bringing the car to rest in too feet 
by applying the brakes. Find the energy consumed in horse- 
power hours on the run. (Q E.) 

16. A uniformly loaded goods train of mass 400 tons is being hauled 
up a gradient of i in 161, by an engine of mass 100 tons in front, 
assisted by an engine of mass 80 tons at the rear. When the speed 
is 15 m.p.h., the front and rear engines deliver 500 and 300 H.P. 
respectively at their wheels. If the frictional resistance to motion 
be taken as 12 lb. wt. per ton, find the acceleration of the train 
and the tension in the coupling at the centre of the train. (Q E.) 

17. A motor lorry, when loaded, weighs 5 tons, and is designed just 
to attain a maximum speed of 15 m.p.h. up a hill of i in 20. The 
road and wind resistance at this speed is 32 lb. per ton. Find 
the maximum horse-power required by the lorry. If the resist- 
ance to motion varies as the square of the speed, what would be 
the speed of the lorry on a level road for the same horse-power ? 

(Q.E.) 

t 8. A railway wagon weighing 10 tons is pulled along a straight level 
track by a horse, the direction of the pull being horizontal, and 
inclined to the track at an angle of 30°. If the pull is constant and 
equal to 200 lb. wt. and the resistance to motion 100 lb. wt., find 
the horse-power being supplied by the horse when the wagon 
has moved 20 feet from rest. (Q-E.) 

19. It is found that to drive a car at a uniform speed of (i) 20, (ii) 40, 

(iii) 60 ft. /sec. on a level road the engine must work at (i) 2, (ii) 5, 
(iii) 10 H.P. Show that these facts are consistent with the assump- 
tion that the forces which retard the motion of the car are a con- 
stant force, together with a force proportional to the square of the 
speed. Regarding this assumption as correct, find the horse-power 
for a speed of 80 ft./sec. (H.S.D.) 

20. The diameter of the low-pressure cyhnder of a marine engine is 
46 inches, the average speed of the piston is 800 feet per minute, 
and the average pressure of the steam on the piston is 32 lb. wt. 
per square inch. What is the indicated horse-power of the engine ? 

(I.E.) 

21. An engine, whose mass is 100 tons, and of 1500 H.P., draws a train 

of mass 350 tons. The resistance to motion being 0-009 E* lb. wt. 
per ton at speed V m.p.h., find the greatest speed of the train on 
the level. (Q.E.) 

22. A train, of weight 200 tons, is running at 24 m.p.h., and accelerating 

at 4 ft./sec.*, the resistances to motion being at that moment 
14 lb. per ton. Find the rate of working of the engine in horse- 
power, and^f the engine continues to work at that rate while the 
resistance increases proportionally to the speed, find the maximum 
speed of the train. (Ex.) 

23. The resistance to the motion of a cyclist may be assumed to be 
8 -f o-oo6 V* lb. wt. when his speed relative to the air is v miles per 
hour. If he can work at 0-15 H.P., and the least speed at which he 
can ride is 2 m.p.h., show that the gradient of the steepest incline 
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up which he can ride against a head wind blowing at 20 m.p.h. is 
about I in ii, the total weight of the cycle and the rider being 
190 lb. (N.U.4) 


§ 105 . The following examples depend on the same principles as 
those in the preceding paragraphs, but require the use of the calculus 
for their solution. 

In the cases considered so far the accelerating force has either 
been constant, or, if the resistance has depended on the velocity, 
we have not found the time taken to describe a certain distance or 
acquire a certain velocity. 


For a variable acceleration we have the expressions 


d^x dv 
dt^* di^ 


and , the last two being those most commonly used in problems 

of the kind we are dealing with. 

The fundamental equation mf ~ now becomes 


m 


dv 

dt 


accelerating force. 


or 


accelerating force. 


The accelerating force is usually some function of v, 5, or t, and 
after inserting its value in the right-hand side of one of these equa- 
tions, we have to integrate and find v. 

vSuppose the tractive force of an engine is constant, but the 
resistance is proportional to the .square of the speed. 

Then if P is the constant tractive force, and kv^ the resistance, 

= P — kv^, 
at 

or mv^j z=z p kv^, 

ds 


The first equation enables us to find the velocity acquired after 
a given time. We write the equation 



dt, 


and integrate both sides, adding a constant to the right-hand side 
and determining its value from the initial conditions. (Example 
(iii).) 

The second equation enables us to find the velocity acquired 
after travelling a given distance. The equation is written 


vdv 

P — kv^ 


ds, 
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and both sides are integrated, a constant being added and its value 
determined from the initial condition. 

If the tractive force p decreases uniformly with the distance 
s travelled 

^ — — k 
ds ~ ’ 

,-.p ~ — k$ + c, 

the value of c is obtained as the value of p when $ o, i.c. at the 
start. 

If p decreases unifornily with the time i, 

dt ~ • 

.■.p^-kt + c, 
and c is the initial value of p. 

If the horse-power is constant, then if p is the tractive force 
(in lb. wt.) and v the speed (in ft. /sec.) 


= and /.=!). 


Example (i). 

Two particles, moving in straight lines, the first acted on by a constant 
force, the second acted on by a force doing work at a constant rate, each 
have their velocities increased from V to 2 V, after traversing a distance a. 
Show that the time taken by the second is of that taken by the first. 

Show also that the velocity acquired by the secofid after traversing a 
distance x, less than a, is greater than that acquired by the first after tra- 
versing the same distance. (H.C.) 

Let / be the constant acceleration of the first particle, then 

= F* 4- 2fa, 

2a’ 

Also, if be the time taken, 

2F = F 4- fh, 

, F 2a 

In the case of the second, if is the force, v the speed, and H the 
constant rate of working, 

pV = H,0T p as 


4" 

ds 


P- 


H 


and now 
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now when s = o, v = V, 







and when s = a. 

N 

II 





.-.gF’ 

^ — a + 
m 

v\ 



H 

—a 

— Z F*, or 

H _ 

7 F 3 

' 


m 


m 


Also 


dv . 

H 

V ’ 



vdv = dt, 
m 

- t + c ; 
m 

now when t “ o, v ~ V, 

c = iV\ 

and when / -- /g, v ~ 2V, 

m 

■ t = = iZ* Jf- = 

■■ * 2 ■ // 2 ■ 14^’ 

• ^* = _2£ 3Z = £2 

’ 14 K * 2a 28* 


The velocities acquired after traversing a distance x are, for the first, 
i;,‘ = F* + 2/jr = F‘ + iZ'ar, 

and for the second, 



V = «;, + iF* = ZZ.% + !F*, 

3^3 3 


or 

V,* - + F*. 

a 


Now 

!',> W, if (1 >(l + x)*- 


i.c, if 

(■+?)■>(■+?)■. 


or 

i4Ar 4q;r* 9Ar 21 x'^ 

'^ + ~r + >' + T + + 

27Ar» 


27X^ 2 2 AT* 5Ar 

or -fr - ~ < o. 

or 27Ar^ — 22ax — 5a* < o, 

or {27X -f ^a){x — a) < o, 

and this is the case when at < a. 

VOL. L— 5 
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Example (ii). 

A horse pulls a wagon of lo tons from rest against a constant resistance 
of 50 lb. The pull exerted is at first 200 lb., and decreases uniformly 
with the distance until it falls to 50 lb. after a distance of 167 feet has been 
covered. Show that the resulting velocity of the wagon is very nearly 
6 ft. I sec. (C.S.) 

If p is the pull (in lb.) then, since it decreases uniformly with the 
distance, we have 



-k. 


p = — ks c ; 


Now, p — 2oog poundals when s = o, .\ c — 2oog, 

and p = 50^ poundals when s = 167, 

50^ == — 167^ -f 200^. 

k = 

167 

The accelerating force is 

— As + 2oog — 50g == — As -h 150^, 
dv , 

224002;— = — As -f 150^. 


112001;* = — ' JAs* -f i50gs, 


and when s = 167, 


1 12001;* = — i . • 167* + I50g . 167, 

whence t;* = 35*8, 

i; = 6 ft. /sec. nearly. 


Example (iii). 

The propulsive horse-power required to drive a ship of mass 16,500 tons 
at a steady speed of ft. f sec. is 18,000. Assuming that the resistance is 
proportional to the square of the speed, and that the engines exert a constant 
propulsive force on the ship at all speeds, prove that the initial acceleration, 
when the ship starts from rest, is x ft.jsec.^ ; and that it attains a speed of 
20 ft.jsec. in | log^ 5 minutes. (C.S.) 

If P lb. wt. is the propulsive force 

30P = 18000 X 550, 

P — 600 X 55og poundals. 

Since resistance is proportional to the square of the speed, it may 
be taken as Ap*, and when i; = 30 the resistance is equal to P, 

A X 900 = 600 X 550g, 

••• A = I X 550^. 

The resultant accelerating force at speed v is 
600 X 550^ — At;*, 
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^ dv ^ 2 , 

16500 X 22402jp ■« 600 X 550^ — ^550^ X V . 


^ ^ ^ 3 50^ 

3 

16500 X 2240 X 3 
2 X 550 X 32 

900 X 7 / I 

2 \30 - v + 


(900 — V*), 
dv 


• 900 

I 


= 




30 -f z;/6o 


: 


105 , 30 + V 

— loff^ ■ — t -f- Cf 

2 o« 30 — V ' ' 


and i> = o, when t = o, 
hence when i; = 20, 




o. 


/ — ^ logg ^ jogg 5 seconds, 

= A log, 5 minutes. 


When V ~ o, the accelerating force is 600 x 550^, and the accelera- 
tion is 


600 X 550 X 32 
16500 X 2240 


ft./sec.^ 


Example (iv). 

Show that, hy plotting a curve connecting the reciprocal of the accelera- 
tion of a body ivith its velocity, it is possible to estimate the time required 
for a given change in velocity. 

The acceleration of a tramcar starting from rest decreases by an amount 
proportional to the increase of speed, from 1*5 ft.fsec^ at starting to 0-5 
ft./sec.^ when the speed is 5 m.p.h. Find the time taken to reach 5 m.p.h. 
from rest. (C.S.) 



I 

If we plot V along OX (Fig. 59) and dv along OY, the area of an 


dt 


^ . dv = dt, 
di 


elementary strip PQ is 
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li V I and are the velocities corresponding to the points A and B, 

the area under the curve is 



= time when velocity is — time when velocity is v^. 
— time required for increase from to v,. 


Since the acceleration is proportional to speed, and is 1-5 ft. /sec.® at 
starting 


, , .88 22 

and when v is — or ~ , 
12 3 * 


dv 

It = 


0-5 . 


-A + 1-5. 


When V — 


22 


.-. A = -1 ; 

22 

* * 2F 2 22 * 


dv 

II — t; 22 

c 


Idt, 


••• log. 




II — z; 22 


and V = o when / = o, 


c = II, 
log. -JLi-. 

3 II ~ v 


^ a= ^ log. 3 — 8*o6 seconds nearly. 


EXAMPLE XVI. 

1. The resistance to the motion of a train is 160 lb. wt. per ton mass 
at all speeds. It is moving on the level with uniform speed V, and 
comes to an incline of i in 70. The engine continues to work at 
the same rate as before ; prove that if t; is the velocity, and x the 
distance described up the incline in time /, then 

v*=V*- Lg(6M - sVt). 

(H.C.) 

2. A car is travelling at its maximum speed of 40 m.p.h. on the level, 
the resistance being 160 lb. wt. per ton, assumed to be independent 
of the speed. It then climbs a hill of 1 in 25, and the speed falls 
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3 - 


4 - 


5 - 


6 . 


7 - 


until it is steady, the engine then working at the same effective 
horse-power as before. Find the steady speed up the hill. 

If the tractive force increases uniformly with the distance 
travelled up the hill, find the distance travelled before the uniform 
speed is attained. (C.S.) 

Show that in rectilinear motion the time taken for any change in 
velocity is given by the area of the curve connecting the reciprocal 
of the acceleration and the corresponding velocity. 

A tramcar starts from rest with an acceleration of 3 ft. /sec.*, 
the relation between acceleration and speed is linear, and the 
acceleration is i ft. /sec.* when the speed is 5 m.p.h. Prove graphic- 
ally or otherwise that the time taken to reach this speed is 4-03 
seconds (log^o^ == 0-4343). (L S.) 

A motor car is travelling along a level road with a con.stant speed 
of V ft. /sec., the resistance to motion being equivalent to a con- 
stant back pull of a lb. wt. The car then comes to a hill where 
the resistance to motion (including gravity) is b lb. wt., and after 
the velocity has again become constant, the engine works at the 
same constant power as on the level. If, while the velocity is 
varying, the tractive pull alters uniformly with the di.stance from 
its first constant value to its next constant value, show that the 
distance travelled along the hill before the velocity becomes 
constant is 


a -f & MF* 


feet, 


fc* g 

where M is the mass of the car in lb. (C.S.) 

A locomotive of mass m tons starts from rest and moves against a 
constant resistance of P lb. wt. The driving force decreases uni- 
formly from 2P lb. wt. at such a rate that at the end of a seconds 
it is equal to P. Find the velocity and the rate of working after 
/ seconds (t <. a), and show that the maximum rate of working is 
1-54 X io-*aP* p^ p 


(C.S.) 

The force acting on a body of mass i lb., which is initially at rest, 
varies as the square of the time, and is 10 lb. wt. at the end of 10 
seconds. Neglect resistances and gravity. Prove that the time- 
average and the space-average of the force during the first 10 
seconds are 3J lb. wt. and 6§ lb. wt. respectively, (C.S.) 

A train of weight M lb. moving at v ft. /sec. on the level is pulled 
with a force of P lb. against a resistance of P lb. Show that in 
accelerating from to ft. /sec., the distance in feet described by 
the train is 


Mp vdv 

If the resistance P = a -f ftu*, find an expression for the distance 
described when the power P is shut off and the velocity decreases 
from Vi to Vq, (C.S.) 

8. The acceleration of a certain racing motor car at a speed of v ft. /sec. 
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Find the maximum speed of the car, and prove that from a 
standing start a speed of 150 ft. /sec. is acquired in i minute after 
travelling 1800 yards. Assume that 

logg 6 ™ 1*8 and log^ ii 2-4 (C.S.) 

9. The resistance to an aeroplane when landing is 

a 4 - 

per unit mass, v being the speed, a, 6, constants. For a particular 
machine, b = lo-® ft. lb. sec. units, and it is found that if the 
landing speed is 50 m.p.h., the length of run before comihg to rest 
is 150 yards. Calculate the value of the constant a. (C.S.) 

10. The engine of a train of 300 tons can just attain a speed of 60 m.p.h., 
on the level. Assuming that the resistance varies as the square 
of the speed and that the horse-power is constant and equal to 
1000 units, show that the train starting from rest will attain a 
speed of 30 m.p.h. after moving through a space of 386 yards ap- 
proximately. 

(log, 5 = 0-1335). (C.S.) 

11. Show that a motor car, for which the retarding force at V m.p.h. 
when the brakes are acting may be expressed as 

(1000 4 0 08F®) lb. wt. 

per ton of car, can be stopped in approximately 57 yards from a 
speed of 50 m.p.h. (log^ 10 — 2*30). (C.S.) 

12. The tractive effort of a tractor weighing 6 tons is 1100 lb. wt. 

when at rest, and 900 lb. wt. at 10 m.p.h. ; between these values 
the effort varies linearly with the speed. It is proceeding up a 
grade of i in 25, and is accelerating at J ft. /sec.® Find the speed 
and the horse-power at that moment, taking the frictional resist- 
ances as 40 lb. wt. per ton. (Q E ) 

13. A car moves from rest with uniformly decreasing acceleration, the 
initial value of which is 15 ft. /sec.® The car would attain its 
maximum velocity in 60 seconds, but after running for 40 seconds, 
brakes are applied in such a way that the retardation increases 
uniformly from 0-5 ft. /sec.®, and the car is brought to rest in 32 
seconds. Find the retardation at the moment the car stops. (Q.E.) 

14. The tractive force exerted by an engine hauling a train along a 

horizontal track, starting from rest, is constant for the first 30 
seconds and equal to 16,000 lb. wt. The tractive force then 
diminishes uniformly with the time at a rate which would give 
3000 lb. pull at 4 minutes from the start. The train resistance 
from all causes increases uniformly with the time, starting at 
2000 lb. wt., at a rate which would give 6000 lb. wt. at the end of 
4 minutes. The maximum velocity attained was 45 m.p.h. Plot 
the velocity-time and acceleration-time curves for the motion from 
the start until the maximum velocity is attained. What distance 
is passed over during the period ? (Q-E.) 

15. The maximum speed attained by an empty truck weighing 2 tons 
10 cwt. when running down an incline of i in 120 is found to be 
30 m.p.h. If the resistance to motion from all causes is propor- 
tional to the square of the speed and is independent of the load, 
what would be the maximum speed of the truck when carrying a 
load of 6 tons down the same incline ? 
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Obtain in the form of an integral the time taken to acquire a 
given velocity by the empty truck, starting from rest on this 
incline. (Q-E.) 

1 6. A body has a constant resistance to motion of lo lb. per ton. It is 

subjected to a force which increases uniformly from zero for 30 
seconds and then decreases to zero at the same rate. If the greatest 
value of the force is such that the velocity of the body is the same 
at the beginning and end of this time, find the greatest change of 
velocity of the body. (Q-E.) 

17. A body weighing i ton, starting with a velocity of 10 m.p.h., moves 
in a straight line, the power applied (tending to increase its velocity) 
being constant, namely r H.P. Find the time that will elapse be- 
fore the acceleration will be reduced to ^ of its initial value. Find 
also the ratio of the initial acceleration to that of gravity. (Q-E.) 

18. A weight of 100 lb. hangs freely from the end of a rope. The weight 

is hauled up by means of a windlass. The pull in the rope starts 
at 150 lb., and then diminishes uniformly at the rate of i lb. for 
every foot of rope wound in. Find the velocity of the weight after 
50 feet of rope has been wound. The weight of the rope may be 
neglected. (QE.) 

19. A car weighing i ton starts from rest on a level road. The tractive 
force acting on it is initially 80 lb., and this falls, the decrease being 
proportional to the distance travelled, until its value is 30 lb. at the 
end of 200 yards, after which it remains constant. There is a con- 
stant frictional resistance of 30 lb. Find the speed of the car at 
the end of the 200 yards, and plot a curve, on a distance base, 
showing the gradual rise of the speed from the start. (Q-E.) 

20. The relation between the time and the acceleration of a train is as 
given below. The train weighs 300 tons and the tractive force 
required when the speed is uniform is 7500 lb. Deduce the speed- 
time curve, and find the total distance traversed, and the horse- 
power li minutes after the start. 

Time in minutes . o 0-25 0 5 0*75 10 1-25 i'5 2 0 2*5 

Acceleration in ft. /sec.* o 0*17 0-26 0-31 0*33 0 33 0*3 0-2 0*14 

Time in minutes . . 3 0 3-5 4 0 4-5 5 0 

Acceleration in ft. /sec.* 0*09 0*07 0*05 0 04 0*035 

(Q-E.) 

21. Show that if F be the speed and S the distance travelled from some 
fixed point in the path of a moving body, the slope of the graph of 
F* 

~ plotted to a base of 5 gives the acceleration of the moving body 
along its path. 

Observations of speed and distance from the starting-point of 
a car are as follows : — 

F o 12*6 i 6*7 19 21*4 23*2 23*6 ft. /sec. 

5 o 36 65 100 160 250 300 ft. 

Find the initial acceleration, and the horse-power being exerted at 
160 feet from the start if the car weighs 1 ton and resistance to motion 
is 100 lb. wt. (Q*E.) 

22. Find the measure of a force when expressed (i) by the time rate of 
change of momentum, and (ii) by the space rate of change of kinetic 
energy respectively. A shot weighs 10 lb., and its velocity changes 
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from 1500 ft. /sec. to 500 ft. /sec, in passing through a non-homo- 
geneous target 6 indies thick in ., 5^5^ seconds. What are the two 
values for the average force exerted, and how can they be reconciled ? 

(Q.E.) 

A train of mass 500 tons commences to climb a gradient at a speed 
of 25 m.p.h. The engine exerts a constant pull of 10,000 lb. wt., 
and the total resistance R due to all causes, including gravity, rises 
with time in accordance with the following table : — 

R 2,500 3,500 5,000 7,000 9,500 12,000 1 6,000 lb. wt. 

t o 0*5 i-o 1*5 2*0 2*5 3*0 min. 

Determine the speed of the train at the end of three minutes. (Q.E.) 
The speed of a train of mass 100 tons varies with time in accordance 
with the following table : — 

Time in seconds o 10 20 30 40 50 60 

Speed in m.p.h. o 17 27 33 37 39 39*5 

The train is running down an incline of i in 448. Find the horse- 
power being exerted by the engine at the end of the first half-minute 
if the frictional and air resistance to motion at that instant amounts 
to 10 lb. wt. per ton. (Q E.) 

A car weighing 6 tons starts from rest under the action of a force 
given by the following table : — 

/ in seconds o 2 4 6 8 10 12 14 16 18 20 
F in lb. wt. 780 750 708 620 495 420 365 324 300 280 270 

If the resistances to motion are equivalent to a constant force of 
40 lb. wt. per ton, draw the acceleration-time curve, and find the 
velocity of the car at the end of the time. (Q-E.) 

A truck starting from rest and weighing 15 tons is drawn along the 
level against a constant resistance of 30 lb. wt. per ton. The draw- 
bar pull is found to vary with the distance travelled according to the 
following table : — 

Distance travelled in feet o 10 20 30 40 50 

Draw-bar pull in lb. wt. 900 890 868 822 763 679 

Find (i) the kinetic energy of the truck, (ii) the velocity of the 
truck, (iii) the work done by the force, when the truck has travelled 
the first 50 feet. (Q-E.) 

A mass of i ton is drawn from rest up an incline of i in 224 by a 
force parallel to the ground and varying with the distance according 
to the following table : — 

Distance in feet o 50 100 150 200 250 300 350 400 
Force in lb. wt. 115 145 150 130 100 65 35 25 10 

If the frictional resistance to the motion is 25 lb. wt, per ton, find 
the velocity of the body after passing over 400 feet. (Q E.) 

A car whose mass is 2000 lb. starts from rest, and the resistance to 
the motion is equal to 50 lb. wt. When it has travelled a distance 
s feet the force exerted by the engine is F lb. wt. where 
5 o 10 20 30 40 50 60 

F 644 634 622 607 587 565 537 

Construct the acceleration-space graph of this (continuous) motion, 
and find the speed of the car when it has travelled 60 feet. 

(N.U.3) 
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29. A particle of mass 8 lb. starts from rest and is acted on by a force 
which increases uniformly in 5 seconds from zero to i lb. wt. Prove 
that / seconds after the body starts, its acceleration is 0‘8i ft. /sec.*. 
Find the distance the particle moves during the first five seconds, 
and show that, when it has moved x feet, its speed is v ft. /sec., 
where 

5?;* — i8;r*. (N.U.3) 

30. Assuming that the acceleration of a motor car is a — bv* when the 
si)eed is v, where a and b are positive constants, prove that the speed 
tends to a certain maximum value V ; and that, when the car is at 
a distance x from its starting-point, its speed is I W i — e - If a 
speed p is attained in a distance / after starting, and a speed q after 
a further distance /, prove that the maximum speed is 


§ 106. Units and Dimensions. 

The units of mass, length, and time arc called fundamental units, 
since the units of other quantities, such as speed, force, etc., can be 
expressed in terms of them. The unit of speed is a speed of unit 
distance in unit time, e.g. i ft. /sec, or i cm. /sec. ; the unit of accelera- 
tion is an increase of unit speed in unit time, i ft. /sec.- or i cm. /sec. ^ 

The unit of force is the product of unit mass and unit acceleration. 
If we denote the units of length, mass and time by L, M , T, the 

unit of sfx'ed will be 

,, unit of velocity L 

the unit of acceleration — — f-t: = 

unit of time 7 ^ 

the unit of force = 

the unit of work == unit of force X unit of distance 

J'2 • 

§ 107. Now the unit of area is the product of two unit lengths 
or and is said to be of two dimensions in length. A volume is 
said to be of three dimensions in length. 

This idea of dimensions is extended to include mass and time, 
and the powers to which the fundamental units are raised to pro- 
duce the unit of any quantity are called the dimensions of that 
quantity. Thus the dimensions of speed are said to be i in length 
and — 1 in time, those of work are i in mass. 2 in length, and 
— 2 in time. 

§ 108. The dimensions of any physical quantity are easily ob- 
tained by writing down the formula for its unit in terms of M, L and 
T (^s above, by considering the way in which the quantity is deiined. 

5 * 



126 


INTERMEDIATE MECHANICS 


Momentum is defined as the product of mass and velocity and its 
dimension formula is therefore 

ML 

T • 

Angular velocity is obtained by dividing an angle in radians 
(which is merely a ratio of lengths and indej)endent of units) by 
time, and its dimension formula is 

I 

T 

Power is obtained by dividing work by time, and its dimension 
formula is therefore 

ML^ 

7"3 • 

There are two important uses of dimensions which will now be 
considered. 


§ 109. In any equation between physical quantities each term 
must be of the same dimensions in the fundamental units. Just 
as it is impossible in ordinary arithmetic to add, say, pence and 
feet, so it is impossible to add any two terms of different dimensions. 
This often gives a useful check as to whether a formula is a possible 
one. 

Thus, take the equation of motion 


~ -f 2 /s, 
£2 

the dimensions of are 

i ^ 

2 

„ jr 

L 


_ ]J 

2/S ,, . L 7 ^ 


£2 

SO that all the terms are of the same dimensions, namely 

In § 8o we obtained a formula for the tension in a string over 
a pulley connecting two masses, 

^ 2m, Wo 

X = 1 — 


The dimensions of the right-hand side are that of a mass multi- 

ML 

plied by an acceleration or — , and are therefore those of a force, 
as they should be. 

If the formula had only one mass in the numerator it could not 
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represent a force, as its dimensions would be ^ those of an accelera- 
tion. 

In § 83 Example (hi) we obtained an expression for the accelera- 
tion of a wedge 

mg sin^ a cos a 
M + 3^^ sin^ a‘ 


Now the dimensions of a trigonometrical ratio are zero, and as 
each term in the numerator and denominator contains a mass, the 
dimension in mass is zero. Hence the dimensions of the whole 
expression are those of g, an acceleration, and this is correct. 

If the mass were missing from any one of the terms, the expres- 
sion could not represent an acceleration. 

]72 

A result, such as — , where F is a velocity, is of dimensions 




T 


- L, 


and therefore represents a length. 


V . , L 

— is of dimensions ^ . -7- 
^ T L 


and therefore represents a time. 


r. 


§ 110 , Dimensional formula* can also be used to find the change 
in a unit due to changes in the fundamental units. 

Let Af, L, T be the units of mass, length, and time in one system, 
M', L , T' those in a second system. 

Then if the units of, say, force in these two systems are F and F', 

, _ ML . M'L' 
r . r , 

F _ ML J '2 

F' ~ M'L'T^- 


Thus, if M, L, T are F.P.S. units, and M', L', T are C.G.S. units, 
taking i lb. — 453 gm. and i foot ~ 30*5 cm., we have 


I potmdal 
I dyne 
.*.1 poundal 


= 453 X 30*5 = 13816*5, 
13816*5 dynes. 


If either of the quantities is given in gravitational units it must 
be expressed in absolute units before applying this method, i lb. wt. 
is the unit obtained by taking 32 lb. as the unit of mass, and in 
the above example the ratio M to M' would become 32 X 453. 
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Example. 

Taking i Ih. = 453 gm., i foot — 30-5 cm., and ^ = 32 ftfsec.*, find 

the number of ergs in a foot-pound. 

The dimensions of work are, 

MU 

2’a » 

where M is 32 lb., L is i foot, and T is i second, 

I ft. lb. MUT'^ 

I erg "" 

where M', L', T' are i gni., i cm., and i second, 

I ft. lb. /X, 

••• j erg == 3^ X 453 X ( 30 - 5 )*. 

— 1*348 X 10’, 

I ft. lb. = 1*348 X 10’ ergs. 

EXAMPLES XVII. 

1. If the units of mass, length, and time be 100 lb., 100 feet, and too 
seconds respectively, find the units of force and work. 

2. Given that i lb. ™ 453 gm., i foot — 30*5 cm., and ^ == 32 ft. /sec.*, 
find the number of watts in a horse-power. 

3. If the unit of mass be i cwt., the unit of length 42 inches, and the 
unit of time 7 seconds, find the unit of force. 

4. If I cwt. be the unit of mass, a minute the unit of time, and the unit 
of force the weight of i lb., find the unit of length. 

5. If the units of length, velocity, and force be each doubled, show that 
the units of time and mass will be unaltered, and that of energy will 
be increased in the ratio 1:4. 

6. (i) Given that i cm. = *3937 inches, and i kilo. = 2*205 lb., find the 
number of dynes in a poundal. 

(ii) If a second be the unit of time, the acceleration due to gravity 
(981 in C.G.S. units) the unit of acceleration, and a kilogram the 
unit of mass, find the unit of energy in ergs. (I S.) 

7. If m is the mass of a body in lb., V its velocity in ft./sec., in what 

units is its kinetic energy expressed when we say that this energy is 
measured by JmV* ? If the units of length and mass be each 
multiplied by 10 and the unit of time divided by 10, how will the 
following units be affected, (a) acceleration, (6) energy, (c) force, 
(d) power ? (I.S.), 

8. The kilowatt is a power which can produce 10*® C.G.S. units of 

energy per second ; prove that it is rather more than i J H.P. [i ft. 
= 30*48 cm., I lb. = 453*6 gm., and the acceleration of gravity is 
981 C.G.S. units.] (I.A.) 

9. Given that i kilo. = 2*204 » ^ metre == 3*281 feet, i H.P. = 33,000 

ft. lb. per minute, g = 981 cm. /sec.®, show that 3 H.P. is approxi- 
mately 2*24 X 10*® ergs per second. (H.S.D.) 

10. Taking i year of 365^ days to be the unit of time, the Earth's dis- 
tance from the Sun (92,900,000 miles) to be the unit of length, and 
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the mass of the Earth to-be the unit of mass, find the kinetic energy 
of the Sun relative to the fixed stars, its velocity relative to them 
being ii miles per second, and its mass 332,000 times that of the 
Earth. (I.C.) 

1 1 . State the dimensions of force, power, angular velocity, pressure at a 
point in a fluid. 

. If the force of attraction between two masses m and distant 

r apart, is find the dimensions of k, and its numerical value 

when C.G.S. units are employed, [g = 981 cm. /sec.*, radius of 
earth = 6*37 x lo* kilometres, mass of earth ==6*14 x 10** 
kilograms.] (H.S.C.) 

12. A body has mass M and volume V when the units are the foot, pound, 
and second. State its weight, density, and specific gravity. 

State also what these become when the units are changed to the 
centimetre, gram, and second. 

[Take i foot = 30-5 cm., i lb. == 454 gm., mass of i cu. foot of 
water = 62*3 lb ] (Ex.) 



CHAPTER III. 


IMPULSIVE FORCES. IMPACT OF ELASTIC BODIES. 


§111. Impulse. 


The term impulse of a force is defined as follows : — 

When the force P is constant, the impulse is the product of the 
force and the time during which it acts, i.e. P/. 

When the force P is variable it is the integral of the force with 
respect to the time, i.e. 



where i is the time during which the force acts. 


When P is variable, 


The impulse is 



P = 






t 

0 


m{v — u). 


When P is constant Pt = m{v — w). 

Hence in both cases. 

Impulse of force — change of momentum produced. 


§ 112. Impulsive Forces. 

Suppose the force P is very large, but acts only for a very short 
time. The body will only move a very short distance whilst the 
force is acting, so that the change of position of the body may be 
neglected. The total effect of the force is measured by its impulse, 
or the change of momentum it produces. 

Such a force is called an impulsive force. 

Theoretically the force should be infinitely great and the time 
during which it acts infinitely small. This is, of course, never 
realised in practice, but approximate examples are the blow of a 
hammer, the impact of a bullet on a target, the collision of two 
billiard balls. 



IMPULSIVE forcp:s 


181 


§ 118. Impact of Two Bodies. 

If two bodies A and B impinge, then, from Newton's third law, 
the action of A on B is, at any rate during their contact, equal and 
opposite to that of B on A. 

Hence the impulse of A on B is equal and oppx>site to that of B 
on A. It follows that the changes in momentum of A and B are 
equal and opposite, and the sum of the momenta of the two bodies, 
measured in the same direction, is unaltered by their impact. 

This is an example of the Principle of Conservation of Linear 
Momentum (para. 76) which is used in dealing with problems in 
which impacts or impulsive forces occur. 

If a mass w, moving with velocity v, strike a mass Af., which is 
free to move in the direction of m*s motion, and the two move on 
as a single body, there is no loss of momentum. 

Now the momentum of the mass m before impact is mv, and 
this is shared between the two masses. Hence, if V is the velocity 
of the two together after the impact, 

(M m)V — mv, 

.% V =r V, 

M + m 


It should be noted that, although there is no change in momen- 
tum due to the impact, there is a loss of kinetic energy. 

The kinetic energy before impact is \mv^. 

The kinetic energy after impact is 




m 


m 


and this is obviously less than since — ^ is less than unity. 

Since kinetic energy is lost in nearly all cases of impact the 
principle of energy must never be used in dealing with cases where 
impulsive forces occur. 


§ 114. It is also most important to realise that the principle of 
momentum can only be applied in a direction in which there is no 
external impulsive force acting. 

Thus, if a bullet strikes a fixed target perpendicularly all the 
momentum of the bullet is, of course, destroyed. If the bullet hits 
a smooth target obliquely, there is no change in momentum parallel 
to the surface of the target, but all momentum perpendicular to 
the target is destroyed. 

If a bullet moving horizontally hits perpendicularly the face of 
a block whose section is CDEF (Fig. 6o), resting on a smooth 
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inclined plane AB, and becomes embedded in it ; then the only 
direction in which we can apply the principle of momentum is 
parallel to the face of the inclined plane AB. The component of 
the bullet's momentum parallel to AB is shared between the bullet 
and the block. The component of momentum perpendicular to AB 
is destroyed by the impulsive reaction of the plane. 

§ 115. Motion of a Shot and Gun. 

\Vh(‘n a gun is fired the explosive charge forms a large volume 
of gas at very high pressure. This pressure acts equally on the 
shot and gun in the direction of the barrel and drives the shot out. 

If the gun is free to move in the direction of the barrel the 
forward momentum generated in the shot at the instant it leaves 
the barrel is equal to the backward momentum generated in the gun. 

If the gun is placed on a smooth horizontal plane with the 
barrel horizontal we can say that the momenta of the shot and gun 
are equal and opposite (both will be horizontal). If, however (as 
is usually the case), the barrel of the gun is elevated, the momentum 
of the gun is not equal and opposite to that of the shot. 

The horizontal momentum of the gun is equal to the horizontal 
momentum of the shot, but any vertical momentum imparted to 
the gun is at once destroyed by the impulsive pressure of the plane 
on which it stands. 

Any apparatus (such as a spring) for preventing the horizontal 
recoil of the gun does not introduce an impulsive force at the instant 
of firing, and does not prevent the principle of momentum being 
applied. In such a case we calculate the momentum and velocity 
of recoil as if the spring were absent. 

The spring does not exert any force until it is compressed so 
that, neglecting the time taken for the shot to leave the gun, we 
consider the gun to start moving back with the velocity it would 
have if the spring were absent. The spring then gradually reduces 
the gun to rest. 

In the same way the action of gravity is neglected in cases of 
impact, this again is not an impulsive force, and the impact is over 
before it has time to act. 
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§ 116. Impact of Water on a Surface. 

To find itic pressure due to a jet of water impinging against a 
fixed surface, or a continuous fall of rain on the ground, we have 
only to calculate the amount of momentum destroyed per second. 
Here wc are dealing with a succession of impacts or impulsive 
forces. The amount of momentum destroyed per second gives us 
the average force on the surface, this force acting for one second 
would produce or destroy the given amount of momentum. 


§117. Example (i). 

A bullet weighing i uz. is fired with a velocity of 500 jtfsec. into a 
block of wood weighing 4 lb., and lying on a smooth table. Find the 
velocity with which the block and bullet move after the bullet has become 
embedded in the block. (I-S.) 

The momentum of the bullet before impact is Ih- units ; no 
momentum is lost by the impact as there is no external horizontal 
force acting, and as the total mass in motion is now lb., if V is 
the common velocity of the two. 


^ 7in ft. /sec. 

16 65 

Example (ii). 

A shot, of mass 200 lb., is fired ivith a velocity of 1600 ft. j sec. from a 
gun of mass 50 tons, which is free to recoil in the direction of the barrel ; 
find the resulting velocity of the gun. 

The forward momentum of the shot = 200 x i6oo lb. ft. units. The 
backward momentum of the gun is equal to the forward momentum 
of the shot. 

Hence, if V ft. /sec. is the velocity of the gun, 

50 X 2240 V = 200 X 1600, 

200 X 1600 . 

V ~ := 2t? ft./ sec. 

50 X 2240 


Example (iii). 

If, in the last example, the gun is resting on an incline of 3 in 5, and 
the shot is fired horizontally, find the velocity of recoil of the gun. 

In this case some of the horizontal momentum imparted to the gun 
is destroyed by the inclined plane on which it rests, and we can only 
say that the momentum of the gun parallel to the plane is equal to 
that of the shot parallel to the plane. 

Now the momentum of the shot parallel to the plane is 

200 X 1600 X the cosine of the slope = 200 x 1600 x jj. 
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Hence, if V is the velocity of recoil of the gun, 
50 X 2240 F ~ 40 X 1600 X 4, 

40 X 1600 X 4 


50 X 2240 


= 2 f ft. /sec. 


,^^XAMPLE (iv). 
\ 


A gun, of weight W, is mounted on a smooth railway, and is fired in 
the direction of the track. It fires a shell, of weight w, with velocity V rela- 
tive to the ground. If the angle of elevation of the gun is ql, prove that the 
initial direction of the motion of the shell is inclined to the ground at an 
angle. 


cot* 


^/W cot a\ 


(H.S.C) 



Let AB (Fig. 61) represent the barrel of the gun. 

As the shot leaves the barrel the gun is moving backwards, and this 
imparts a backward horizontal component of velocity to the shot. 
The direction of the initial motion of the shot is therefore inclined to 
the horizontal at an angle greater than a. Let this angle be 6 , and let 
the velocity of the gun be U. 

The horizontal momentum of the gun is equal to the horizontal 
momentum of the shot, 

... WU = wV cos B . . . • (i) 

Also V is the resultant of a velocity in the direction of the barrel AB, 
and the horizontal velocity of the gun U. 

If BD represents V, then if DC is drawn horizontal to meet AB 
produced in C, CD will represent U by the triangle of velocities. 

Angle DCB = a, angle DBC = B — cl, 

CD BD 

sin (^ — a) sin a' 
sin (B — a) sin a 

u “ '~V~ 

Multiplying this equation by (i) 

W sin (B — ot) w sin a cos B, 

ir(sin B cos a -* cos B sin a) = w sin a cos B, 

lV{ta,n B cos a — sin a) = a; sin a. 
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w . 

tan $ cos a = sin a -|- sm a, 


Example 


tan d ~ 
cot $ — 

(V). 


W^w . 

= — sm a, 

W w 

— W~~ 

W cot a 
W w 


Water {of which i cubic foot weighs 62 J lb.) issues from a circular 
pipe of 3 inches diameter with a velocity 0/15 ft. j sec. ; find the weight of 
water discharged per minute. If the water impinges directly upon a 
plane, and its momentum is thereby wholly destroyed, what is the pressure 
of the jet upon the plane ? (I.A.) 

The area of the cross-section of the pipe is - ^ square feet, and a 

column 15 feet long is discharged every second. 

The volume per minute 


and its mass 


^ X 15 X 60 cu. feet, 
64 

TT X 15 X 60 X 125 „ 
= 

= 2762 lb. nearly. 


The mass discharged per second 

128 


and its velocity is 15 ft. /sec. 

the momentum destroyed per second 


The pressure 


TT X 15 X 15 X 125 
128 


lb. ft. units. 


poundals = 21 -58 lb. wt. 


Example (vi). 

A pile driver of mass 3 tons falls through a height of 16 feet on to a 
pile of n$ass i ton ; if the pile is driven 6 inches into the ground, find the 
resistance of the ground [supposed uniform) in tons weight. 

The velocity of the pile driver after falling 1 6 feet is 

V2 X 32 X 16 = 32 ft. /sec., 

and its momentum is 3 x 2240 x 32 lb. ft. units. 

After the impact the total mass in motion is 4 tons, and if V is the 
common velocity of the driver and pile, 

4 X 2240 F = 3 X 2240 X 32, 

... F = 24 ft. /sec. 
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Now this velocity is destroyed in J foot, and if / is the retardation, 

o = 24* -- 2/, J, 

.*./ = 24* ft. /sec.*. 


and the retarding force is 4 X 2240 x 24* poundals, 

= 4 X 70 X 24* lb. wt. 

The resistance of the ground R must equal the retarding ‘force -f 
the weight of the driver and pile, 

... (4 X 70 X 24* -f 4 X 2240) lb. wt., 

/4 X 70 X 24® \ ^ 

' ~ _j_ 4 j tons wt.. 




2240 
~ 76 tons wt. 


EXAMPLES XVIII. 

1. A bullet of mass J oz. is fired with a velocity of 2568 ft. /.sec. into a 
block of wood weighing 10 lb. and resting on a smooth horizontal 
table. Find the common velocity of the bullet and block after the 
bullet has become embedded in the block. 

2. A bullet of mass 20 gm. is fired with a velocity of 4020 cm. /sec. 
into a block of wood weighing 4 kilograms and resting on a smooth 
horizontal table. Find the common velocity of the bullet and block 
after the bullet has become embedded in the block. 

3. A gun of mass 10 tons free to recoil in the direction of the barrel, 
fires a shot of mass 200 lb. with a velocity of 1400 ft. /sec. Find the 
velocity of recoil of the gun. 

If the recoil is resisted by a constant force so that the gun only 
moves back 5 inches, find the magnitude of this force in tons weight. 

4. A gun of mass 20 tons, resting on an inclined plane of slope 30°, 
fires a shot of mass 400 lb. horizontally with a velocity of 2100 
ft. /sec. Find the velocity of recoil of the gun, and the distance it 
moves up the incline before coming to rest. 

5. Find the average pressure per square foot on the ground due to a 
rainfall of J inch in 2 hours. The velocity of the rain on striking 
the ground is equal to that acquired in falling freely through 900 
feet, and i cu. foot of rainwater weighs 62 J lb. 

6. A pile driver of mass 5 tons falls from a height of 9 feet on to a 
pile weighing i ton ; if the pile is driven in 3 inches, find the 
average resistance of the ground in tons weight. 

7. An inelastic vertical pile weighing J ton is driven 2 feet into the 

ground by 30 blows of a hammer, weighing 2 tons, falling through 
5 feet. Show that the resistance of the ground, supposed uniform, 
is I22| tons. (I.S.) 

8. A hammer weighing 2 lb., moving with a velocity of 20 ft. /sec., 
drives a nail weighing i oz. i inch into a fixed piece of wood. Find 
the common velocity of the nail and hammer just after impact, the 
percentage loss of energy, the time of motion of the nail, and the 
force of resistance of the wood assuming it to be constant. (I.E.) 

9. A pile driver falls through h feet on to a pil#of weight W tons ; if 
the resistance to penetration be R tons, and the desired penetration 
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lO. 


II. 


h iaches, find the proper weight of the driver. How much energy is 
lost each fall if A = 6, PF = 2, i? = 30 ? (I E.) 


If a gun of mass M fires horizontally a shot of mass m, find the ratio 
of the energy of recoil of the gun to the energy of the shot. If a 
J.ton gun discharges a 50-lb. shot with a velocity of 1000 ft. /sec., 
find the uniform resistance necessary to stop the recoil of the gun 
in 6 inches. (I S.) 

A shot of mass m is fired from a gun of mass M, placed on a smooth 
horizontal plane and inclined at an angle a to the horizontal. If 
V is the velocity of the gun*s recoil at the instant when the shot 
leaves it, prove that the horizontal component of the impulsive 
pressure on the shot is Mv, and that the component at right angles 
to the gun’s length is mv sin a. (It is assumed in each case that the 
impulsive pressure is resolved into two components at right angles.) 

Prove that the initial direction of the shot’s motion is inclined 
m\ 


at tan 


(i -f tan a to the horizontal. 


(H.C.) 


A shot weighing 18 lb. is fired horizontally from a gun weighing 
9 cwt. If the muzzle velocity of the shot is 1680 ft. /sec., calculate 
that of the gun. 

Calculate the total kinetic energy produced (in the shot and gun) 
in foot-tons ; and if the distance travelled along the bore of the gun 
is 7 feet, prove that the average force applied to the shot is a little 
over 51 tons. How far will the gun have moved when the shot 
leaves the muzzle ? (H.C.) 


13. A shot of mass m is fired from a gun of mass M which is suspended 
by ropes of length 1 . If the total kinetic energy is the same as it 
would be if the shot left the muzzle of a fixed gun with velocity v, 
find the actual velocities of the shot and gun at the moment of 
separation, and find to what height the gun will rise at the recoil. 

(H.E.) 

14. In making a steel stamping a weight of 200 lb. falls on to the steel 
through a distance of 4 feet, and is brought to rest after traversing 
a further distance of J inch. 

Assuming that a uniform resistance is exerted by the steel, find 
the magnitude of this resistance in lb. wt. (H.S.C.) 

15. A bullet of mass m lb. is fired horizontally with a velocity of v ft. /sec. 
into a block of wood of mass M lb. suspended by a light cord. It is 
noted that the wood and embedded bullet swing until a height of 
h feet above the original position is reached. Show that mv — 
(Af 4- m) ; it being given that the whole motion takes place 
in one vertical plane. If an aeroplane rises vertically at 20 ft. /sec. 
and drops an object weighing 18 lb. from a height of 600 feet, 
calculate the magnitude of the impulse with which the object strikes 
the ground, stating clearly the unit of impulse employed. (H.S.D.) 

16. A bullet of mass m, moving with velocity u, strikes a block of mass 
M , which is free to move in the direction of the motion of the bullet, 
and is embedded in it. Show that the loss of kinetic energy is 


Mmv* 

2 {M 4 * wt)‘ 

If the block is afterguards struck by an equal bullet moving in the 
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v«- 


same direction with the same velocity, show that there is a further 
loss of energy equal to 


MHnv^ 

2 (M 4- 2 m)(Af -f m)' 


(I.S.) 


A block of wood weighing i lb. is placed on a rough horizontal floor, 
the coefficient of friction between the block and floor being 0-4. A 
bullet of mass i oz. is fired with a velocity of 510 ft. /sec. into the 
block. Find (a) the velocity with which the block and bullet begin 
to move together after the impact ; (b) the distance which the block 
moves along the floor ; (c) the ratio of the energy lost during the im- 
pact to that lost through friction with the floor . ( I • ) 

From a gun of mass M lb., which can recoil freely on a horizontal 
platform, is fired a shell of mass m lb., the elevation of the gun being 
a. Show that the angle (tft) which the path of the shell initially 
makes with the horizontal is given by the equation 


tan ^=^14- tan a ; 

and further, assuming that the whole energy of the explosion is 
transferred to the shell and the gun, show that the muzzle energy 
of the shell is less than it would be if the gun were fixed in the ratio 
M: (M -h m cos"^). (Q.E.) 

19. A jet of water issues vertically at a speed of 30 ft. /sec. from a nozzle 
01 sq. inch section. A ball weighing i lb. is balanced in the air 
by the impact of the water on its underside. Show that the height 
of the ball above the level of the jet is 4*6 feet approximately. (Q.E.) 

20. The penetration of a half-ounce bullet, fired at 1000 ft. /sec., into 
a fixed block of wood is 3 inches. 

If the bullet is fired at the same speed into a block of the same 
wood 2 inches thick (weighing 3 lb.) which is free to move, prove 
that the block will be perforated ; and find the velocity with which 
the bullet emerges. (Q E ) 

*^1. A fire engine is directing a horizontal jet through a nozzle i inch in 
diameter fixed to the engine. It is delivering 60 cu. feet of water 
per minute. What is the reaction in lb. wt. on the fire engine ? 

(Q.E.) 

22. A racing motor offers 16 sq. feet of area to wind pressure. If the 

density of air is 0-078 lb. per cu. foot., calculate the horse-power 
absorbed in overcoming wind resistance when the car is travelling 
at 70 m.p.h. against a head wind of 10 m.p.h. (Q-E.) 

23. A machine gun is fired backwards from the rear of an armoured car 
at the rate of 600 rounds per minute. The mass of each bullet is 
J oz. and the muzzle velocity 2200 ft./sec. Find the driving power 
added to that of the car when the car is travelling at 40 m.p.h. 

(Q.E.) 

railway truck of mass 10 tons moving with a velocity of 6 m.p.h. 
strikes, and is at the same moment coupled to, another truck of mass 
5 tons previously at rest. The second truck has its wheels locked 
by brakes, the coefficient of friction between the wheels and the rails 
being 0-2. Find how far the trucks move after the impact. (Q.E.) 

25. A pile weighing i ton is being driven into the ground by blows from 
a weight of 10 cwt. which falls freely a distance of 8 feet on to the 
pile without rebounding. The pile is driven in 6 inches by one blow. 
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If the resistance of the ground is uniform, what is the amount of 
this resistance, and what is the time of penetration ? (Q.E.) 

26. A shell of mass m is fired from a gun of mass M which can recoil 
freely on a horizontal base, and the elevation of the gun is a. Prove 
that the initial inclination of the path of the shell to the horizon is 


27. 


tan-> [(i + tan «]. 

Prove also that the energy of the shell on leaving the gun is to that 
of the gun as 

[M* -f (M + fn)^ tan* a] ; Mm, 

assuming that none of the energy of the explosion is lost. (I.S.) 
A shell, lying in a straight smooth horizontal tube, suddenly explodes 
and breaks into two portions of masses m and m'. If s is the dis- 
tance apart, in the tube, of the masses after a time t, show that the 
work done by the explosion is 


1 mm' s* 

2 m -f- * I*’ 


(H.S.D.) 


28. Prove that if a horizontal jet of water could be made to issue 
through a nozzle of 1 sq. inch orifice at the rate of 170 cu. feet 
per minute, it would exert a force about equal to the weight of a ton 
against an obstacle placed in its path ; and find the horse-power 
required to produce the jet. (A cubic foot of water weighs 62*3 lb.) 

(H.S.C.) 

29. A target of mass M is moving in a straight line with uniform velocity 

V. Shots of mass m are fired with velocity v in the opposite direc- 
tion so as to strike the target, becoming embedded in it. Find how 
many shots must be fired in order to make the target begin to move 
back. Find also the kinetic energy lost when the first shot strikes 
the target. (I.S.) 

30. A train of trucks is being started from rest, and just before the last 

coupling becomes taut the front part has acquired a velocity of 15 
m.p.h. If the part of the train now in motion weighs 72 tons and 
the last truck weighs 6 tons, find the jerk in the coupling in 
ft. -lb. -sec. units. (I.S.) 

31 . A gun weighing 64 tons fires a shell weighing 800 lb. with a horizontal 

muzzle velocity of 2100 ft. /sec. What is the kinetic energy in 
ft. lb. of the gun as the shot leaves the muzzle ? What uniform 
retarding force in lb. wt. is required to check the recoil of the gun 
in 6 feet ? (H.S.D.) 

32. A jet of water of cross-section 3 sq. inches and velocity 40 ft. /sec., 

impinges normally on a plane inelastic wall, so that the velocity of 
the water is destroyed on reaching the wall. Calculate in lb. wt. 
the thrust on the wall. (I S.) 

33. A bullet weighing 0 025 lb., when fired from a gun weighing 20 lb., 
has a muzzle velocity of 2400 ft. /sec. What is the velocity of 
recoil of the gun and what is the total energy of the gun and bullet ? 

If the same bullet were fired from a gun weighing 10 lb., and 
if the total energy were the same as in the previous case, show that 
the muzzle velocity of the bullet would about i’5 ft. /sec. less 
than before. (LE.) 

34. A bullet of mass m is fired with velocity at a body of mass M , which 
is retiring from it with velocity V ; the bullet perforates the body 
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and emerges with velocity u. Show that the subsequent velocity 
of the body is 

, m{v - u) 

^ ■ M • 


35. 


1^'ind also the energ}'^ liberated and the resistance of the body to 
penetration, assuming this to be uniform and the thickness of the 
body to be a. (H.S.D.) 

A gun of mass M fires a shell of mass m horizontally, and the energy 
of the explosion is such as would be sufficient to project fhe shell 
vertically to a height h. Show that the velocity of recoil of the 
gun is 


2m'^gh i 
mj 


(C.S.) 


36. A block of mass M rests on a smcKith horizontal table and a bullet 
of mass m is fired horizontally into it. The penetration of the bullet 
is opposed by a constant resisting force. If the experiment is re- 
peated with the block firmly fixed, show that the depth of pene- 
tration of the bullet and the time which elapses before the bullet 
is at rest relatively to the block are in each case increased in the 

ratio 1 + 


37. A pile weighing i ton is driven into the bed of a river by means of 
a falling weight of 112 lb., which is allowed to fall through 8 ft. If 
the pile penetrates 4 inches at each blow, find the mean resistance 
to penetration of the bed of the river. 

38. A shell of mass m is ejected from a gun of mass M by an explosion 
which generates kinetic energy E. Prove that the initial velocity 
of the shell is 


V( 


2 ME \ 
(M -f m)m} 


[You may assume that at the instant of explosion the gun is free to 
recoil.] {N,U.3) 


§ 118. Impulsive Tensions in Strings. 

Suppose two particles, A and B (Fig. 61^), to be connected by an 
inextcnsible string and to lie on a smooth horizontal table. 


Fig. 6ia. 

Then, if an impulse P is applied to one of them (say B), we 
cannot tell at once in what direction B will move (unle.ss the direc- 
tion of P is along or perpendicular to AB), as an impulsive tension 
is produced in the string and this also acts on B, which is therefore 
subject to iwo impulsive forces. We do know, however, that A must 
start to move in the direction of the string AB, and that its velocity 
is equal to the component of B's velocity in this direction. 
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We know also that the resultant momentum of A and B in the 
direction of the blow is equal to P, while the resultant at right 
angles to this direction is zero. 

Example. 

Two balls A and B of masses 4 lb. and 2 lb. respectively, lie on a 
smooth horizontal plane and are connected by a taut inextcnsible string ; 
B is due E. of A . B is struck in such a manner that, if it ivere free, it 
would move N.E. with a velocity of 21 ft., sec. Prove that B actually 
moves with a velocity of about 15*65 fi.jsec. in a direction about 
71° 34' N . of E. Also compare the magnitude of the impulsive tension in 
the string with that of the bloiv. (I.E.) 



Fig. 62. 


The magnitude of the blow is 42 units of impulse, and its direction 
N.E. Let u, V he the components of B’s velocity along and perpen- 
dicular to AB (Fig. 62). The velocity of A is then u along AB. 

The momentum in the direction AB is equal to the component of 

the blow in that direction, i.e. 

V2 

4M + z« = 

vz 

the momentum perpendicular to AB is equal to the component of the 
blow perpendicular to AB, i.e. 

42 

... 2t/ = ii, 

V2 

Z_ ft./sec. 

V2 

V ass 54^ ft./sec. 

V2 

It K is the resultant velocity of B, 

K* = 4 ? + lli = - 245, 

222 

V = 15*65 ft./sec. 

If 6 is the angle the direction of V makes with the east, 

tan = 3, 

u 

$ « 71® 34' nearly. 
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The impulsive tension in the string generates a velocity u in A, i.e. 
7 

a velocity of “ ft. /sec. in a mass of 4 lb. : 

28 

the tension is — units of impulse, 

V2 

impulsive tension 28 _ \/2 

blow 42 V 2 3 


§ 119 . When two masses, connected by an inextensible string 
passing over a smooth pulley, are in motion, and the descending one 
is stopped, we know that the other goes on moving freely under 
gravity until the string again becomes taut. This was illustrated 
by examples in the last chapter. We have now to consider what 
happens after the string becomes taut again. The common velocity 
of the two masses after the jerk is less than that of the single mass 
which was moving before the string became taut, since the momen- 
tum of this mass has to be shared between the two. 

We can also calculate the change in velocity produced when one 
of the masses picks up an extra mass previously at rest. 


§ 120 . Example (i). 

Two masses oj m and 2m lb. are connected by a light inextensible string 
passing over a smooth pulley. Find the acceleration of the system. If 
the mass 2m hits the ground (without rebounding) after the masses have 
been moving for 3 seconds, find how much time elapses from the instant 
this happens until the system is instantaneously at rest with the string taut. 

If / be the common acceleration, and T the tension in the string, 

2mg — T = 2w/, 

T — mg = mf 

3m/ = mg, or / = 

After 3 seconds the common velocity v is given by 


V 




32 ft. /sec. 


The m lb. mass moves freely under gravity, starting with this velocity, 
and the time (/) taken to go up and return to its initial position is 
given by 

o = 32/ — J . 32/*, 
f = 2 seconds. 


When the string again becomes taut its velocity is again 32 ft. /sec., 
and its momentum is 32 w. 

Hence, if V is the common velocity after the jerk, 

3m F = 32m, 

V = 5 ? ft. /sec, 

.3 



IMPULSIVE TENSIONS IN STRINGS 


148 


The system starts moving with this velocity, but, as the heavier 

g 

mass is moving upwards, there will be a retardation of equal to the 
original acceleration. 

Hence the time t* taken to come to rest is given by 

o = 32 - f 
3 3 

^ == I second. 

Hence the total interval between the impact of the 2m mass and 
the system coming to rest is 

t t' =- 3 seconds. 

Note. — If the masses are left to themselves, the heavier one will 
descend and hit the plane again and the motion will be repeated in- 
definitely. The time taken for it to hit the plane the second time is, 
however, only J of the original time, since it has only to acquire ^ of 
the velocity it had in the first case. When the heavier mass is jerked 
up again the common velocity is again divided by 3, and so the time 
to rest will also be divided by 3. The interval from the instant when 
the heavier mass begins to descend until the system is again at rest in 
each repetition of the motion is J of that in the preceding case. The 
total time until the heavier mass remains in contact with the ground 
is an infinite G.P. of common ratio J. 

Example (ii). 

Two weights of 9 and 7 lb. arc fastened to the ends of a light thread 
which passes over a smooth pulley, the two portions of the string being 
vertical. The system is released from rest, and after moving for z seconds, 
a weight of 5 lb. at rest is suddenly attached to the 7 lb. weight. Find when 
the system will come to rest again. How far ivill the original weights have 
moved altogether ? (I-S.) 

Let / ^ the acceleration of the system, and T the tension in the 
string, then 

9g - T ^ 9/, 

^ 7 ^ = 7 /» 

16/ = 2g, 

After 2 seconds the velocity v is 

t' = Jg . 2 = 8 ft. /sec. 

The momentum is 

16 X 8 = 128 lb. ft. units. 

If V is the common velocity after picking up the 5 lb. mass, 

21 7 = 128, 

... P' = 225 ft./sec. 

21 
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The masses are now 9 and 12 lb., and if F is the retardation, 
I 2 g — T' = 12F, 

T' -gg = gF. 

2iF = 3g, 

••• F = ]g- 

The time, /, taken for the system to come to rest is given by 


0 - 


21 

7 


X — = 

21 

32 


During the first 2 seconds the original weights move Si feet where 

Si = ^X5g'X4 = 8 feet. 

2 o 

During the last 1 seconds, they move 5* feet where, 

128 4 I 32 16 1 / X 

Hence the total distance moved is 12 feet. 


Example (iii). 

A body of weight W Ih., moving d'ue N . at u ft.jsec., is suddenly caused 
to move N.W. at a speed of v ft. j sec. What 'is the blow or impulse it has 
received ? If the change in velocity had been gradual under a constant 
force and had taken a time T to effect the change, find the acceleration, and 
u 

show that, if V — — and x and y he the displacements N and W at any 

time, (y 4- ;ir)2 = /^uTy, (I*E-) 

In this problem it will be best to consider the components of the 
impulse in directions N. and W. 


W ^0 

Fig. 63. 

Let ON (Fig. 63) represent north and OW west. 

The velocity v in direction north-west has components north 

y /2 

and — west. 

^/2 

The change in velocity in direction ON is — u, and in direction 

\'2 

owis -L. 
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and 


Hence the components of impulse are, 

g \ V2 / 

The resultant impulse is 

/ fu^: 


V 

1 * V2‘ 


W ^ 
g 


' 2 UV I/* 

' V~2 2 ' 




+ 2^ 


,s 


2 UV 


V2 


If Fi, Fa are the components of the constant force along ON and 
OW respectively, 

g 


F^T 


g \V 2 


' , and FjT 


W 


V 


The component accelerations are 


Pig 


W 


, and 


W‘ 


1 (JL. 

t{V 2 


«) 


and ^ . 


V 


The resultant acceleration is 


fV 2 


V2 


I 


V 2 UV 

At time t the displacements x and y are given by 

1 1 / V \ 

^ = w + 

I I 


and if 


^ 2 * r ' \/2 

u 




V = - 7 -, -Jr 

V2' 


= Mf 


4^ 






"“47' 
y 4 - 

Cv + ^)* = = 4uTy» 


EXAMPLES XIX. 

1. Two masses of 10 oz. and 8 oz. are connected by a light string passing 

over a smooth fixed pulley. The system starts from rest and the 
8 02. mass, after it has risen 3 inches, passes through a fixed ring on 
which rests a bar of mass 4 oz., and so carries the 4 oz. mass on with 
it. Show that the 4 oz. mass will be carried nearly 2 J inches above 
the ring. (I. A.) 

2. Two particles fUi and w, {m^ > m*), connected by a light inextensible 
string passing over a smooth fixed pulley, are left free. If the 
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heavier particle reaches the ground after descending a distance 
a feet, after how many seconds will it be jerked off the ground, 
and with what velocity will it begin to rise ? (I.S.) 

3. Two masses, each of 2 lb. c(jnnected by a string pavSsing over a 

smooth pulley, are moving vertically with a velocity of 2 ft. /sec. 
The ascending mass passes through a fixed ring without touching 
it, and removes from the ring a mass of 4 oz. which it carries with it. 
hind the height to which the 4 oz. mass is carried, and the time that 
elapses before it is again left on the ring. (l A.) 

4. Two rnas.ses 3 M and M are connected by a cord passing over a pulley, 
and the whole is at rest with the former on the ground. A third 
mass M falls through a height h, strikes the second mass, adheres to 
it, and sets the wliole in motion. Prove that the mass 3M will rise 

from the ground to a height (l.A.) 

5. Two masses of 3 lb. and 3 lb. are tied to the ends of a string 13 feet 
long. The string passes over a smooth peg 8 feet above a horizontal 
table, the 5 lb. mass lying on the table, the 3 lb. mass being held 
close to the peg. If the 3 lb. mass is allowed to fall, show that it 
will not reach the table. 

Find also the greatest height reached by the 5 lb. mass and the 
time it is in motion before it reaches the table a second time. (l.A.) 

6. Two masses m and M are connected by a light string passing over a 
smooth weightless pulley vertically above a smooth inelastic hori- 
zontal plane, M being held so as to prevent motion. If M is released 
and takes t seconds to reach the plane, show that the system will 
first be at rest instantaneously (with the string taut) after a time 

M rn 

and that the system will be finally at rest with M on the plane 
after a time 3/. (Ex.) 

7. Two particles of masses 3 02. and 5 oz. are connected by an inexten- 
sible string of length 14 feet which passes over a small smooth pulley 
at a height of 10 feet above a table on which the heavier particle 
rests, vertically beneath the pulley. The other particle is raised 
to the pulley and allowed to fall. Find the velocity of the system 
after the jerk, and the time at which it will first come to rest. (I.S.) 

8. Two masses of 2 lb. and 3 lb. are fastened to the ends of a light string 

of length 2 feet, and placed on a smooth horizontal shelf 5 feet above 
the ground. The 2 lb. mass is placed at the edge of the shelf, and 
the 3 lb. mass i foot away from the edge, the line joining the two 
masses being perpendicular to the edge. If the 2 lb. mass is gently 
pushed over the edge, find the time that elapses before the 31b. mass 
strikes the ground. (H.S.D.) 

9. Two equal masses (M) are connected by a light inextensible string 

which passes over a smooth peg, the masses hanging freely under 
gravity. A rider of mass m is placed on one of these masses. When 
this mass has descended through a distance h the rider is raised off 
the mass. At the same instant the other mass picks up from rest 
a precisely similar rider. Show that the system will next come to 
rest when the first mass has descended a further distance 

4M2A 

(zM -f m)** 


(H.S.C.) 
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10. Masses A, of 3 lb. and B, of 2 lb.., are connected by an inelastic string 

2 feet long, which passes over a small smooth pulley fixed at the top 
of a smooth inclined plane of length 2 feet (measured along the slope) 
and height 4 inches ; A being on the plane at its highest point and 
B on the ground vertically below the pulley with the string slack. 
Prove that, if A is let go, the system will come to rest again when A 
has reached the bottom of the inclined plane. (H.S.D.) 

11. A mass A of weight fV lb. lying on a smooth table, a feet from the 

edge, is pulled off by means of a light inextensible cord, attached to 
it and passing over the edge (at right angles to the edge) and having 
a mass B of weight w lb. hanging from its lower end. Find the 
velocities of the weights when the edge is just reached and also just 
after A has left the table. (H.S.C.) 

12. A particle of 2 oz. mass moving at 5 ft. /sec. in a given direction is 
struck by a blow which deflects its direction of motion through 60 
and doubles its velocity. If a particle at rest, of 9 oz. mass, were 
struck an equal blow, in what direction relative to the direction of 
the first particle, and with what velocity would it begin to move ? 
Also, if the velocity of the former particle were reversed before the 
blow, what would be its velocity and direction after the blow ? (I.E.) 

13. A mass M rests on a smooth table and is attached by two inelastic 
strings to masses m, m' {m' > m), which hang over smooth pulleys 
at opposite edges of the table. The mass m' , after moving a distance 
X from rest, comes in contact with the floor (supposed inelastic). 
Show that m will continue to ascend through a distance y given 
by 

y (m' — m)(M m) 

X ~ m{M -f m -|- ni') 


Show further that when m' is jerked into motion again as m falls it 
will ascend a distance 


x(M + mY 
(M -f m -f m'Y' 


(C.S.) 


14. A battleship of symmetrical form and mass 30,000 tons is moving at 

10 m.p.h. and fires a salvo of all its eight guns in a direction perpen- 
dicular to its motion. If the shells weigh 15 cwt. each, have a 
muzzle velocity of 2000 ft. /sec., and are fired at an elevation of 30°, 
show^ that the motion immediately after firing makes an angle of 
about i"* 21' with that before. (C.S.) 

15. A train consists of an engine and tender, of mass M tons, and two 
coaches, each of mass m tons. At the start the buffers are in con- 
tact, and when the coupling chains are tight the buffers are a feet 
apart. The train starts with the engine exerting a constant tractive 
force F tons weight. Neglecting resistance, show that the second 
coach starts with velocity v ft. /sec., where 




2ga. 


F(2M m) 
(M -}- 2 fny' 


(C.S.) 


16. Three equal particles A, B, C of mass m are placed on a smooth 
horizontal plane. A is joined to B and C by light threads AB, AC, 
and the angle BAG is 60^. 

An impulse I is applied to A in the direction BA. Find the 
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initial velocities of the particles and show that A begins to move in 
a direction making an angle 

tan-^^, 

7 

with BA. (C.S.) 

17. A particle of mass m lies on a smooth horizontal plane and is con- 
nected by smooth light inextensible strings, both taut, with particles 
of masses m' and m" lying on the plane, the angle between the 
strings being 2a. A blow is given to w in a direction bisecting the 
angle 2a so as to jerk the other masses into motion. Show that the 
mass m begins to move in a direction 

tan ->r ~ *”*) 

Lw ~h (m' -f m") sin* aJ 

with the bisector of the angle between the strings. Also find the 
kinetic energy of the system. (C.S.) 

18. Four equal particles of mass m at the corners of a square are con- 
nected by light strings forming the sides of the square. If one par- 
ticle receives a blow P along a diagonal outwards, show that its 
initial velocity is 

zm* 

and find the initial velocities of the other particles. (C.S.) 

19. A mass m is connected by a string passing over a smooth pulley with 
a mass m' which is also joined by a string of length c to a mass ; 
the system is at rest and is released when m" is in contact with w' 
so that m" begins to fall freely and the masses m and m* move as 
in Attwood’s machine ; show that the velocity with which all the 
masses will move after both strings become taut is 

m — m' ■— m'* ^ I m m' 

m m m ^ m 

given that m > m' + m". (H.S.D.) 

20. Three masses mi, and m, lie at points A, B, and C upon a smooth 
horizontal table ; A and B, B and C are connected by light inexten- 
sible strings, and the angle ABC is obtuse. An impulse / is applied 
to the mass in the direction BC ; find the initial velocities of the 
masses and show that the mass m* begins to move in a direction 
making an angle B with AB where 

m2 tan 0 {mi -|- m^) tan B — o. (C.S.) 

21. Three small bodies of masses 4, 5, 6 oz. respectively lie in order in 

a straight line on a large smooth table, the distance between con- 
secutive bodies being 6 inches. Two slack strings, each 2 feet in 
length, connect the first with the second, and the second with the 
third. The third body is projected with a speed of 15 ft. /sec. 
directly away from the other two. Find the time which elapses be- 
fore the first begins to move and the speed with which it starts. 
Find also the loss of kinetic energy. (H.C.) 

22. A set of w trucks with s feet clear between them are inelastic and are 

set in motion by starting the end one with velocity V towards the 
next. Find how long it takes for the last truck to start, and the 
value of the final velocity. (C.S.) 
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23. Two particles of masses 8 lb. and 6 lb, are lying on a smooth table 
and are connected by a slack string. The first particle is projected 
along the table with a velocity of 56 ft. /sec. in a direction directly 
away from the second particle. Find the velocity of each particle 
after the string has become taut, and also find the difference between 
the kinetic energies of the system when the string is slack and when 
it is taut. 

If the second particle is attached to a third particle of unknown 
mass by another slack string, and if the velocity of the system after 
both strings have become taut is 28 ft. /sec., find the magnitude 
of the unknown mass. (N.LJ.3) 

24. What do you understand by the statement “momentum is a vector “ } 
In a square ABCD, the middle point of CD is X. Bodies whose 
masses are 3, 2, 4, i lb. moving along AX, BX, CX, DX respectively 
with speeds 5, 6. 3, 8 ft. /sec. collide simultaneously at X and re- 
main united. Determine, preferably by graphical methods, the 
new velocity and also the loss of kinetic energy. 

If only the first three bodies remain united after the collision, 
and the fourth moved off in the direction BD with a speed 6 ft. /sec., 
find the final velocity of the composite body. (N.U.4) 

§ 121. Impact of Elastic Bodies. 

When two spheres of any hard material collide they separate 
agiin, and, in many cases, if they are moving in opposite directions 
before impact, the velocity of one of them is reversed. 

The balls are slightly compressed, and, as they generally tend 
to return to their original shape, they rebound. 

The time during which they are in contact may be divided into 
two parts, (i) the period of compression, and (ii) the period of 
restitution, during which they are recovering their shape. The 
property which causes bodies to recover their shape and here causes 
the rebound after collision is called Elasticity. If a body does not 
tend to recover its shape it will cause no force of restitution, and 
such a body is said to be Inelastic. 

In dealing with the impact of elastic bodies we shall consider 
that they are smooth, so that the only mutual action they can 
have on each other will be along the common normal at the point 
where they touch. 

Usually the bodies are considered to be smooth spheres, and the 
mutual action between them is then along the line joining their 
centres. 

When the direction of motion of each body is along the common 
normal at the point where they meet the impact is said to be 
direct. 

When the direction of motion of either, or both, is not along 
the common normal, the impact is said to be oblique. 

Suppose two bodies of masses and moving with velocities 

and W2 respectively, impinge directly. 

vuL. I.- 6 
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If V, and are the velocities after impact, the principle of 
momentum gives us the equation 

fn^V^ + ^ 2^2 ™ ^ 1^1 + ^ 2^2 • • • (^) 

In the cases dealt with previously, the bodies have kept together 
after impact, so that == and one equation is sufficient to de- 
termine this velocity. 

When the bodies separate after impact this one equation is not 
sufficient to determine and v^. 

This is only to be expected as the values of and V 2 will depend 
on the material of the bodies, and the principle of momentum takes 
no account of this. 

There is no way of calculating the effect of the elasticity of the 
bodies, and we have to fall back on the results of experiments. 
Newton investigated the rebound of elastic bodies experimentally, 
and the result of these experiments is embodied in the following 
law : — 

§ 122. Newton^s Experimental Law. 

When two bodies made of ^iven substances impinge directly, the 
relative velucitv after impact is in a constant ratio to the relative velocity 
before impact, and in the opposite direction. If the bodies impinge 
obliquely, the same rcsull holds for the component velocities along the 
common normal. 

Hence, if Wj, be the velocities Ix'fore, and v^, v^ the velocities 
after impact, all measured in the same direction, 


where ^ is a constant depending on the material of which the bodies 
are made, and is called the coefficient of restitution (sometimes called 
the coefficient of elasticity). 

This law, therefore, gives us a second equation, 

v,-Vz= - e(u, - Mj) . . . (ii) 

and by means of this and equation (i) (§ 121 ) we can find and ^ 2 * 

The value of e differs considerably for different bodies ; for two 
glass balls it is about 0*9 ; for ivory 0*8 ; w'hilst for lead it is 
about 0*2. 

Bodies for which e is zero are said to be inelastic, whilst for 
perfectly elastic bodies ^ = i. 

Note. — Newton’s Law, like many experimental laws, is not 
accurately true. The value of e for given bodies does alter slightly 
for very large velocities, and in any case the law must only be 
regarded as an approximate one. 
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§ 128. Direct Impact of Two Spheres. 

Let Wj, Wg be the masses, Wj, W2 ^he velocities before impact, 
7^2 fbe velocities after impact, and e the coefficient of restitution. 



Fig, 64. 


We then have as above, 

by the principle of momentum, 

~ + WgWg , . » (0 

by Newton's Law, 

Vi — V,, — e{Ui — u^) . . . (ii) 

Multiplying (ii) by Wg, and adding, 

(Wj + ^2)7^1 — (Wj — em^Uy^ + ^2(1 + e)u 2 . 

Multiplying (ii) by Wj, and subtracting, 

(Wj + = Wi(i + e)ii^ + (W2 — emy)u^. 

These equations give Vy and 7^2* 

If one sphere, say Wg, is moving originally in a direction opposite 
to that of Wi, we must change the sign of Wg of the equations 

(i) and (ii). 

It is most important, however, that we should assume that Vy 
and V2 are in the same direction. We fix on the direction we are 
going to call positive, usually that in which the body with greater 
momentum is moving, and then assume that both and are in 
this direction. 

If either of them is really in the opposite direction, the value 
obtained for it will have a negative sign. 

In writing down equation (ii) great care must be taken to sub- 
tract the velocities in the same order on both sides. It is best to 
draw a diagram showing clearly the positive direction and the 
directions of the velocities of both bodies. 

Example (i), 

A hall of mass 10 lb., moving at s ft. /sec., overtakes another of mass 
4 lb., moving at 2 ft. j sec. in the same direction. If e — find the velo- 
cities after impact. 
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fios/tive of^thn 
Fig. 65. 

Let Vi, V2 be the velocities of the 10 lb. and 4 lb. spheres respec- 
tively after impact. By the principle of momentum, 

lovi + 4t», = 10 X 5 + 4 X 2 = 58, 

and by Newton's Law, 



t), — _ J(5 - 2) = - y ; 

141/1 — 52, or Vy “ 35 ft./sec., 
and i4t)j = 73, or v, = 5^^ ft./sec. 


Example (ii). 

If the 4 lb. ball in thr previous question he moving in a direction 
opposite to that of the lo lb. ball, find the velocities after impact. 



Fig. 66. 


The equations now become, 

I 07 q -f 41/2 = 10 X 5 — 4 X 2 = 42, 

V,~v,= - J(5 + 2) = - I, 

I4tq = 28, or = 2 ft./sec., 
and 1 4^2 — 77, or v, = 5J ft./sec. 

Example (iii). 

A ball of mass 8 lb., moving with a velocity of 10 ft. j sec., impinges 
directly on another of mass 24 lb., moving at 2 fi.lsec. in the opposite 
direction. If e = find the velocities after impact. 

+ 

Fig. 67. 

The equations here are, 

Svj -h 241/2 = 8 X 10 — 24 X 2 = 32, 
t/j t;, = — J(io 4- 2) = — 6, 

32^1 = 32 — 144 = — 112, 

— W = 3i R./sec., 
also 321/2 = 32 4- 48 = 80, 

... 1;, z=: = 2j ft./sec. 

The negative sign of shows that the direction of motion of the 
8 lb. ball is reversed, as we took the direction left to right as positive. 
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and assumed Vi to be in this direction. Since v, is positive, the 24 lb. 
sphere moves from left to right after impact, so that its direction of 
motion is also reversed. 

Example (iv). 

Three smooth spheres A, B, C, of masses 3m, m, 2m respectively, lie 
on a smooth table with their centres in a straight line. A is projected to 
impinge on B ; show that, if the coefficient of restitution is \ , B is reduced 
to rest after its first impact with C ; and further, that impacts will cease 
with the second impact of B on C. (I-S.) 

Let u be the initial velocity of A, and the velocities of A and 
B after impact, then 

^mv^ + — 3WM, 

y, - V, = _ ; 

or t/j = ^u, 

also, 4u, — or V2 =■- JJw ; 

B moves on faster than A, and strikes C. If v/, v^' be the velocities of 
B and C after impact, 

mv^ + 2 mVi = IJfWM, 

Vi - = - J . 

... = o, 

i.e. B is reduced to rest, 

also 3 v,' = (U + ts)m = ilu. 

••• «'/ = ,V «• 

After the first impact A moves on with velocity |w, and strikes 15 
again after the latter has been reduced to rest. If Fj, be the velo- 
cities of A and B after impact, 

3m F| 4- wFj — 3w . |w, 

Fi - F* == - i • 

These equations give, 

Fi ~ 

and Fj = 

The latter is greater than the velocity of C so that B overtakes 

C again, if F,', F,' be their velocities after impact, 

mV 2 + 2m F,' = + V^2mw = y/mw, 

F,' F, = — . 2 

These equations give 

F*' = F/ 

The velocities of A, B, C are now 

tfw, or fju, or and 
in the same direction, and no more iApacts can occur. 

§ 124. Loss of Kinetic Energy due to Direct Impact. 

Let mj, be the masses, and Vi and their velocities 
before and after impact, and e the coefScient of restitution. 
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Wo have, as before, 

ntyV^ + = WjWi -f WgWg . . • (i) 

— ^2 = ~ ^(^1 — «2) • • • (ii) 

Square both equations, multiplying the square of the second by 
and add the results ; we get 

(Wj2 + == {m^u^ + WgWg)^ 

+ e^mim2,{ui — 

ml(m^ 4- ni2)vi^ + ^ 2(^2 + (w^Wi + 

+ mjm2{uj — ~ ” Wifn2(«i-~W2)^* 

(Wj -f m2)(mjtJi2 — (wj + W2)(WiWi^ + ^^ 2 ^ 2 ^) 

— m^m^iu^ — U2)^{i — e^), 
.-. - «2)*(i - «*)■ 

Wj -f- W 2 

and -f 

is the kinetic energy after impact, while 

4 . Jw 2 M 2 ^ 

is the kinetic energy before impact, 
the loss in kinetic energy is 


m^m2 

mt + w 


(«, — U^)^{1 — c*). 


We see that there is always a loss unless e — 1, when this ex- 
pression vanishes. 

In many numerical examples it is easier to find the velocities 
after impact, and subtract the kinetic energy after impact from 
that before. The above is the shortest way of obtaining the value 
for the loss in the general case. 


Example (i). 

A sphere of mass i lb., moving at 10 ftfsec., overtakes another sphere 
of mass 5 lb. moving in the same line at 3 ft. j sec. Find the loss of kinetic 
energy during impact, and show that the direction of motion of the first 
sphere is reversed. (Coefficient of restitution = 0*75.) (H.S.C.) 

4 

Fig. 68. 

If z/j and z;, be the velocities of the i lb. and 5 lb. spheres after 
impact, 

+ 5*^* == 10 4 - 15 = 25, 

t,, _ w, = - i(io - 3) = - Y-. 

... 6z;ji = 25 — or =s — ^ ft./sec., 

6z/, == 25 4- V ~ W R'/sec. 



and 
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The value of is negative, showing that the direction of motion 
of the first sphere is reversed. 

It must be remembered that the direction of motion does not affect 
the value of the kinetic energy. In this case the kinetic energy after 
impact is the same as if both spheres were moving in the original direc- 
tion. Algebraically, the value of v® is the same whether v is positive or 
negative. 

The kinetic energy before impact is 


J . I . io> + J . 5 . 3‘ == 50 + ^ ^ ft. pdls. 

The kinetic energy after impact is 

J I . ^ + J . 5 . 5 (5 + 14641) = 63^ ft. pdls. 

24* 24* 2 . 24® 192 

The loss 

= 72J — 63^?? — siZ? ft. pdls. 

192 192 


Example (ii). 

Two masses, m and «, are moving in the same straight line, prove that 
their kinetic energy is 

J(m + 

m 4- w 

where V ts the velocity of their centre of mass, and v is their relative velocity . 

If there ts a direct impact between the masses, prove that their loss of 
kinetic energy is 


i 


m 4 


e^)v\ 


where e is their coefficient of restitution. (CS.) 

If and tt, are the velocities of m and n, the velocity V of their 
centre of mass is given by 


mui 4 
m 4 n * 


and their relative velocity v = u^ — Ug. 

If E is their kinetic energy 

E == 4 inug^, 

.-. (m 4 w)E — 4 4 4 w**), 

— 4 4 4 — ntnu^Ug, 

= i(fnui 4 WM,)* 4 lmn(Ui — w*)*, 

.*. (m 4 w)E = J(w 4 w)*F* 4 \mnv*, 

mn 

Now the velocity of the centre of mass is unaffected by impact 
between the masses, hence the first term remains unaltered. By 
Newton's Law the relative velocity v is multiplied by e and reversed, 
i.e. it becomes — ev. 
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Hence, the second term becomes, after the impact. 


i; 


’ W -f » 

and the loss in kinetic energy is 




J v* (i - 

^ m n ' ' 


EXAMPLES XX. 

1 . A sphere of mass 6 lb., moving at 4 ft. /sec., overtakes another sphere 
of mass 4 lb., moving in the same direction with velocity 2 ft. /sec. 
li e — find the velocities after impact. 

2. A ball of mass 10 lb., moving at 8 ft. /sec., overtakes another of 
mass 8 lb., moving in the same direction at 5 ft. /sec. If ^ = i, 
find the velocities after impact. 

3. A ball of mass 10 lb., moving at 8 ft. /sec., impinges directly on a 
ball of mass 8 lb., moving in the opposite direction at 4 ft. /sec. If 
^ = I, find their velocities after impact. 

4. A ball of mass m, moving at 7 ft. /sec., overtakes another of mass 2m, 
moving in the same direction at i ft. /sec. If <? = J, show that the 
first ball will remain at rest after impact. 

5. If two perfectly elastic spheres, of equal mass and moving in opposite 
directions, impinge directly, show that they will exchange velo- 
cities. 

6. Two spheres of masses m and m\ and coefficient of restitution e, 
impinge directly. Prove that the momentum transferred from one 
sphere to the other is 

-f e) (relative velocity before impact). (I.S.) 

7. A ball of mass moving with velocity impinges directly on a 

ball of mass w, lying at rest, and the second ball then impinges 
directly upon a third ball of mass w,, which is also at rest. If the 
coefficient of restitution of the first pair is e, and that of the second 
pair is find the velocities of all three balls immediately after these 
impacts. (I-E-) 

8. Two spheres of masses 2 and 3 oz. are moving in their line of centres 

towards each other with velocities of 24 ft. /sec. and 30 ft. /sec., 
and their coefficient of restitution is Find their velocities after 
impact, and the amount of kinetic energy transformed in the 
collision. (I. A.) 

9. If the velocities of two spheres before direct impact are given, show 
that the impulse which each sphere receives varies as 

(i -I- e)mm' 
fn 4- w' ’ 

where e is the coefficient of restitution, and m, m' are the masses of 
the spheres. (LA.) 

10. Two particles are moving in the same straight line. Express their 
kinetic energy in terms of their masses, their relative velocity, and 
the velocity of their centre of ^vity ; and hence, or otherwise, 
show that, if the particles are inelastic, kinetic energy is always 
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lost by their impact. Two particles of masses m and 14W are 
moving with velocities 6 u and u respectively, and the coefficient of 
restitution between them is 0*5. Show that, after impact, the 
kinetic energy gained by one equals half that lost by the other. 

(I.S.) 

11. A mass of 4 lb., moving at 20 ft. /sec., overtakes a mass of 3 lb. 

moving in the same direction at 15I ift./sec. Five seconds after 
the impact the 3 lb. mass encounters a fixed obstacle, which reduces 
it to rest. Assuming the coefficient of restitution between the 
masses to be J, find the further time that will elapse before the 4 lb. 
mass strikes the 3 lb. mass again. (H.S.D.) 

12. A truck weighing 10 tons, moving at 8 ft. /sec., impinges on another 

truck at rest which weighs 5 tons, and after impact the speed of the 
second truck relative to the first is 2 ft. /sec. Determine in ft. lb. 
the loss of kinetic energy due to the impact. (I E ) 

13. A sphere of mass 3 lb., moving with a velocity of 7 ft. /sec., impinges 
directly on another sphere, of mass 5 Ib., at rest ; after the impact 
the velocities of the spheres are in the ratio of 2:3. Find the 
velocities after impact and the loss of kinetic energy. (H.S.C.) 

14. Three balls A, B, C, of masses 3W, 2m, 2m, and of equal radii, lie on 
a smooth table with their centres in a straight line. Their coeffi- 
cient of restitution is J. Show that, if A is projected with velocity V 
to strike B, there are three impacts, and that the final velocities 
are 

^50 ; 57. 60 ) (H.c.) 

15. Two trucks, weighing respectively 5 tons and 3 tons, are standing, 

on the same level set of rails. If the heavier truck impinges on the 
lighter, which is at rest, with a speed of 5 ft. /sec., and the velocity 
of the lighter relative to the heavier after they separate is 3 ft. /sec., 
find the actual speeds of the two trucks after they separate, and 
calculate the number of foot-pounds of kinetic energy lost by the 
impact. (H.C.) 

16. A, B, C are three exactly similar small spheres at rest in a smooth 

horizontal straight tube. A is set in motion and impinges on B. 
Show that A will impinge on B again after B has impinged on C, 
and show that there will be no more impacts, if e, the coefficient of 
restitution between the spheres, is not less than 3 — \/ 8 . (H.C.) 

17. Three small exactly similar spheres A, B, C are at rest in a smooth 
straight horizontal tube. The coefficient of restitution between 
any two of the spheres is 0*5. A is projected towards B with a 
velocity u. 

Determine the velocities of the three spheres after B has impinged 
on C, and A has impinged a second time on B, and show that there 
will be no more impacts. (H.C.) 

18. A truck weighing 5 tons is moving on a set of level rails at the rate 

of 5 ft. /sec., and impinges on a second truck weighing 10 tons, 
which is standing at rest on the same rails. If after the impact the 
second truck moves on at the rate of 2 ft. /sec., find the rate at which 
the first truck moves after the impact, and calculate in ft. lb. the 
amount of kinetic energy lost by the impact. (H.C.) 

6 * 
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19. The velocities of two spheres before impact are represented in magni- 
tude and direction by lengths OP and OQ, those after impact by 
Op, Oq (the points O, P, Q, p, q, being in a straight line). 

Prove that the ratio of 6^to Pp is equal to the ratio of the masses, 
and that the ratio QP to pq is the coeificient of restitution. (l.S.) 

20. Two spheres impinge on each other directly, and the impulse between 
tliem is P. Just before impact the velocity of their common centre 
of gravity is 1/, and the velocity of the faster moving sphere relative 
to this centre of gravity is Ui- Show that the kinetic energy lost 
by this sphere is 

iP[2U (i-e)[/,], 

where e is the coefficient of restitution between the spheres. (IS.) 

21. Two smooth spheres of masses m and m' impinge directl3^ their 
relative velocity just before impact being v, and the coefficient of 
restitution e. 

Prove that the loss of kinetic energy due to tfu^ impact is 

1 >^V( i - (H.S.D.) 

2 m ~i- m' 

22. A ball overtakes another ball of m times its mass, vshich is moving 

with -th of its velocity in the same direction. If the impact reduces 
n 

the first ball to rest, prove that the coefficient of restitution is 

m -i~ n 
mn — m 

and that m must be greater than — . (H.S.D.) 

n — 2 

23. Two equal .spheres A, B lie in a smooth horizontal circular groove at 
opposite ends of a diameter. A is projected along the groove and 
at the end of time impinges on B, Show that the second impact 
will occur at a further time 

e ' 

where e is the elastic coefficient. (C.S.) 

24. Two equal spheres of mass gm are at rest, and another sphere of mass 

m is moving along tlieir line of centres between them. How many 
collisions will there be if the spheres are perfectly elastic ? (C.S.) 

25. A railway truck is at rest at the foot of an incline of i in 70. A second 

truck of equal weight starts from rest at a point 1000 feet up the 
incline, and runs down under gravity. The trucks collide at the foot 
of the incline, the coefficient of restitution being J. Find how far 
each truck travels along the level, the frictional resistance for each 
truck being 16 lb. wt. per ton, both on the incline and on the level. 
Where the incline meets the level, the rails are slightly curved, each 
in a vertical plane, so that there is no vertical impact, and at the 
instant of collision both trucks are on the level. (C.S.) 

26. Two imperfectly elastic spheres, of weights W and 2W, collide 

directly. Just before the impact the lighter sphere is moving with 
velocity 9 ft. /sec., and the heavier with velocity 2 ft. /sec. in opposite 
directions. The smaller sphere is brought to rest by the impact. 
Find the coefficient of restitution, and the velocity of the larger 
sphere after the impact, (H.S.D-,) 
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27. Three spheres of equal mass lie in a straight line. If the first sphere 
be given a velocity u, show that the velocities of the spheres, after 
two impacts have taken place, are 

J(i — e)u, J(i — e^)u, and J(i + e^u, 
where e is the coefficient of restitution. (I S.) 

28. A, B, C are three small beads of equal mass threaded on a smooth 

horizontal circular wire, B and C being at rest and separated by of 
the circumference. A is projected along the wire and strikes B, which 
is driven forward along the wire and strikes C. If the coefficient 
of restitution between any two beads is show that the next impact 
takes place simultaneously by A overtaking B at the same instant 
that C overtakes A, and that C has travelled a distance equal to | 
of the circumference before this happens. (Ex.) 

29. Two uniform spheres of equal radii rest on a perfectly smooth hori- 
zontal table. The first, of mass m, is struck by a horizontal impulse 
7 , whose line of action passes through the centre. After moving for 
a time it collides directly with the second sphere, which is of greater 
mass M, and which is initially at rest. Show that the loss of kinetic 
energy due to the impact between the spheres is 

*(i - 

’m{M + m)’ 

where c is the coefficient of restitution. 

30. Three bodies of masses a, b, c lie in a straight fine on a smooth hori- 
zontal plane. The first is projected with a velocity u along the 
straight line so as to strike the second, which in turn strikes the third. 
If the coefficient of elasticity for each pair of bodies is e, find the 
velocity with which the third body is made to move. Also find the 
ratios a : b : c so that the first and second bodies may remain at 
rest after the first and second impacts respectively, and in this case 
show that the final energy is times the original energy. (Ex.) 

31. A ball is dropped, and after falling for 1 second meets another equal 
ball which is moving upwards with speed of 48 ft. /sec. Calculate the 
velocity of each ball after the collision, given that the coefficient of 
restitution is |. 

Find the percentage loss in kinetic energy due to the impact. 

{N.U.3) 

32. Two spheres of masses and m^, travelling with velocities and 

1^2 in the same direction, collide directly and rebound. Determine 
the amount of momentum which is transferred between the spheres 
during the impact when the coefficient of restitution is e. If the 
velocities after impact are show that each sphere loses the 

same energy if 

+ 2^2 + + ^2 — (C.W.B.) 

§ 125. Impact of a Smooth Sphere on a Fixed Smooth Plane. 

Let AB (Fig. 69) be the fixed plane, P the point at which the 
sphere impinges. Then if C is the centre of the sphere, CP is the 
normal to the plane at P. Let the velocity of the sphere at impact 
be u, and the direction of motion of its centre make an angle a 
with CP. 
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Since the plane and sphere are smooth, there is no force parallel 
to the plane ; hence the component of the sphere's velocity in this 
direction, viz. u sin a, is unaltered. 

By Newton’s experimental law, the relative velocity along the 
normal after impact is — ^ times that before impact measured in 
the same direction. 

if V is the normal velocity after impact 


v — o = — e{u cos a — o) or V “ — cos a. 


i.e. the normal velocity is reversed and multiplied by e. 

The velocity after impact has therefore two components, 
u sin a parallel to AB, and eu cos a parallel to the normal PC. 

The resultant velocity after impact == « Vsin^ cn + cos^ a. If 
0 be the angle between the direction of motion and the normal, 


or 


, ^ w sm a I . 

tan d = = — tan a. 

eu cos a e 

cot $ ^ e cot a. 


The impulse on the plane due to the impact is measured by the 
change of momentum sdong the normal. If m is the mass of the 
sphere, this is 

mu cos a + cos a = mu{x + e) cos a. 

If the impact be direct there is no component of velocity parallel 
to the plane, the sphere rebounds along the normal with velocity eu. 

If ^ == I, the velocity after impact is w, and 9 — a, the sphere 
after impact rebounds so that the angle of reflection is equal to the 
angle of incidence. 

If ^ = o there is no velocity along the normal after impact, 
and the sphere slides along the plane with velocity u sin a. 

Example (i). 

A ball, moving with a velocity of 20 ft, j sec., impinges on a smooth 
fixed plane in a direction, making an angle of 30® with the plane ; if the 
coefficient of restitution is find the velocity and direction of motion of 
the ball after the impact. 
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The component of velocity parallel to the plane is 20 cos 30°, or 
10^/3 ft./sec., and this is unaltered by the impact. 

The component of velocity perj>endicular to the plane is 20 sin 30°, 
or 10 ft./sec., and this is reversed and multiplied by 

The components of velocity along and perpendicular to the plane 
after impact are, therefore, 

io\/3. and 4 ft./sec. 

If V is the resultant velocity, 

pa _ ^QQ 4 - 1(3 _ 

y = A/316 = 17-7 ft./sec. 

The direction makes an angle 

tan-* — 1 — ~ 

10 Vs 

or tan 

15 

with the plane. 


Example (ii). 

A particle falls from a height h upon a fixed horizontal plane ; if e he 
the coefficient of restitution, show that the whole distance described before 
the particle has finished rebounding is 


and that the whole time taken is 

a/ 2* . l±i. 

Let u be the velocity of the particle on first hitting the plane, so 
that 

w* — 2 gh. 

The particle rebounds with velocity eu. The velocity when it hits 
the plane the second time is again eu, and the velocity after the second 
rebound is e^u. Similarly, the velocities after the third, fourth, etc., 
rebounds are e^u, e*u, etc. 

The height to which the particle rises after the first rebound is 

and after the second 

(eHi)* 


and so on. 

Also M* == 2gh, so that these distances are e*h, e*h, etc. Hence the 
whole distance described is 
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The time of flight after the first impact is — , after the second 
, and so on, and the time of falling originally is 

vf. 

Hence, the whole time of motion 

= -j- -f e* + + . . .to infinity). 

= Vf + + + - ■ • )■ 

>gV I —e/ ^ g I ~e 


Example (iii). 

A sphere of mass ni lies on a smooth table between a sphere of mass 
m' and a fixed vertical plane. It is projected towards the other sphere ; 
show that, if the coefficient of restitution between the two spheres and 
between m and the plane is v' in both cases, m will be reduced to rest at its 
second impact with m' if m' == 15W. (1-S.) 

Let u be the velocity of projection of m, and Vi, the velocities of 
m and w' after impact, then 

mvi 4 - ^'*^2 ~ 

t;, - t/j = - fw, 

(m -f m')Vi — u(m — 
and {m -t- m')v^ ^ ^mu. 

Putting w' = 15W, these becomfe 

ifiwvi == uim — gm) = — 8wu, or i/j = — 

2 

ifiwt/j = fmw, or Vj = 

The velocity of m is therefore reversed, and it hits the plane, re- 
bounding with velocity 

3.“ or 1 «, 

52 10 

which enables it to catch w' again. 

If V, V' be the velocities of m and m' after their second impact, 

mV -p w'P' = 

F _ r = - 

(m + m') P = {\^mu 4- j^Qm'u — -j^^m'u, 
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or putting w' = 15m, 

j6mV = ^Qfnu -f- %mu — ^mu, 

= o, 

m is reduced to rest. 

Example (iv). 

A billiard ball moving with velocity ii strikes the side of a smooth 
billiard table, its direction making an angle ol with the side of the tabic ; it 
then strikes the next side, and so on, striking each side in succession. 
Show that the various portions of the path are parallel to the sides of a 
parallelogram, and that if is the length of the path between the first and 
second impacts, that between the second and third, and so on, 

^2n + j ” ^ ^2n-] ~ sec cn' (b — a cot a), 

where e is the coefficient of restitution, b the length of the side at ivhich the 
first impact takes place, a the next side, and a' the angle between the 
direction of the path after the first impact and the side of length b. (H.S.C.) 


D 

a 


B 


Let A (Fig. 70) be the point of the first impact, B, C, D those of 
the second, third, and fourth impacts. The velocity parallel to the 
cushion is u cos a, and is unaltered. The velocity perpendicular to the 
cushion is u sin a, and after impact — eu sin a, 

. , eu sin a ^ . 

tan a = = e tan a. 

u cos a 

Similarly, 

tan a' « cot of == cot a, 

BC is parallel to PA. 

Also 

tan a"' = e cot a" = e tan a = tan a', 

... a'" = a', and CD is parallel to AB. 

In the same way the path after the impact at D will be parallel to 
CB or PA. 


A b 



C 


Fig. 70. 
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Projecting AB and BC on to the side a, and BC, CD on to 6, 


and 


sin a' + cos a" = a, 
sin a" -f cos a'" = h, 

Cy sin a' -f sin ol ^ a, 

Ci cos a -f- cos a' = b, 

Cs cos a' sin a — sin a' cos ol — h sin a — a cos a, 

tan , , / . 

c* — Cl = b sec a — a sec a cot a, 

tan a 


^3 — eCi — sec a'(6 — a cot a) ; 


and a similar relation evidently holds for Ca and c^, by projecting c*. 
c^, Ca on to a and b. 


EXAMPLES XXL 

1. A particle falls from a height of 25 feet upon a fixed horizontal 
plane, the coefficient of restitution being Find the height to which 
the particle rises after impact, and the time it takes to reach the 
plane again. What is the velocity after the second rebound ? 

2. A ball falls from a height of 25 feet upon a fixed horizontal plane ; 
if it rebounds to a height of 16 feet, find the coefficient of restitution. 

3. A ball moving at 40 ft. /sec. impinges on a smooth fixed plane so that 
its direction of motion makes an angle of 30° with the plane ; if 
the coefficient of restitution is find the magnitude and direction 
of the velocity of the ball after impact. 

4. A ball falls from a height of 25 feet upon an inclined plane, the coeffi- 
cient of restitution being jr. Find the magnitude and direction of 
the velocity of the ball after impact, when the inclination of the plane 
is (i) 45°, (2) 60°. 

5. A billiard ball of mass 7 oz. strikes a smooth cushion when moving 

at 8 ft. /sec. in a direction inclined at 30° to the cushion. If the 
coefficient of restitution is find the loss of kinetic energy due to 
the impact. (I.A.) 

6. A marble dropped on a stone floor from a height of 12 feet is found 

to rebound to a height of 10 feet. Find the coefficient of restitution 
to the nearest hundredth. (I.A.) 

7. A billiard table is 6 feet by 8 feet. Find the position of a point in the 

shorter side and the direction of projection, such that a ball thus 
struck off will describe a rectangle and return to the same spot after 
rebounding at each of the other three cushions, the ball being smooth, 
and the coefficient of elasticity being J. (I S.) 

8. A sphere of mass m moving with velocity u impinges on a fixed plane, 
the direction of motion making an angle a with the plane. If e 
is the coefficient of restitution between the sphere and the plane, find 
(i) the ma^itude and direction of the velocity of the sphere after 
impact ; (ii) the loss of momentum ; (iii) the loss of kinetic energy. 

(I.S.) 

9. A smooth elliptical tray is surrounded by a smooth vertical rim ; 
prove that a perfectly elastic particle projected from a focus along 
the tray in any direction will £^ter two impacts return to the focus. 

(H.S.D.) 
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If sheets of paper are placed on a table, the coefficient of restitution 
is reduced by an amount proportional to the thickness of the paper. 
When a ball is dropped on to the bare table it rises after impact to 
three-quarters of the height of fall. When the thickness of the 
paper is i inch it rises to only one-half of the height of fall. What 
thickness of paper is required in order that the relx)und shall be 
one-quarter of the height of fall ? (I S.) 

The line joining the centres of two equal smooth balls P and Q lying 
on a smooth table is perpendicular to a smooth vertical plane ; the 
ball P farthest from the plane slides towards Q, which is at rest, 
with velocity u ; after the impact Q meets the plane and a second 
impact occurs and so on. lie is the coefficient of restitution between 
the balls and e' that between Q and the plane, find the velocities of 
P and Q after the first impact of y with the plane. Show that there 


will necessarily be a third impact of P and Q if ^' < 


(I 


(I +e)‘ 

(H.S.D.) 

A bullet of mass 2 oz. is fired horizontally into a fixed block of wood 
striking it with a speed 1200 ft. /sec. If the bullet penetrates to a 
distance 6 inches, find in lb. wt. the average force of resistance of 
the wood to the motion. 

If the block were of metal, and the bullet rebounded instead 
of penetrating, find the kinetic energy which would be lost at the 
impact if the coefficient of restitution between the bodies were 0-3. 
State the units in which you give your result. (N.U.3) 


§ 126. Oblique Impact of Two Spheres. 



Fig. 71. 


Let Cl, Cg (Fig. 71) be the centres of the spheres, ni^, their 
masses, and let their velocities and Wg ^ inclined at angles a 
and p to the line of centres CjCg at the moment of impact. 

The components of velocity perpendicular to CiCo are «i sin a, 
«2sin p, and these are unaltered by the impact. 

Considering the motion along CjCg, if and V2 are the velocities 
along this line after impact, we have 
by the principle of momentum, 

fn{Vi + W2V2 == ^ + ^2^2 P • • (i) 

by Newton's Law, 

e{;Ui cos a — U2 cos p) , . di) 
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I hcse ('(iiiiitions f^ive 

cos a + cos ^(i e) 

' ’ w, + 

_ cos a(i + e) + cos — enii) 

Vf) ' - ;; . 

Wj + Wg 

I'lic result ;int velocity of each sphere and its direction of motion 
ran l)t‘ found from these components and the comj)onents perpen- 
dicular to ( it o, viz. 7 <, sin a and //g sin p. 

If ;/?! nio and c ~ i, 7 ', /Yo cos ^ and Wj cos a, 
i.(‘. the sj)hen‘s intenhangi' tlu‘ir velocities in the direction of the 
line' of centres. 

Tn many })roblems one of the spheres is at rest. Now, if -- o, 
th(' equations (i) and (ii) of the last paragrapli reduce to 

d- Wgt’o ~ cos a, 

— ~ 

. «i COS a(wi - em^ ^ ^ »«t«i cos a(i + e) 

■ ^ i- ® Wj + Wj 


I'he .second sphere has no velocity perpendicular to the line of 
centres, so that it moves off along that line. 

The sphere has velocity sin a perpendicular to CjCg, so 
that if ^ is the angle made by its direction of motion with CjCg 

^ ^ sin a (w, + mo) sin a 

Vi cos a(Wi — em^) 

If ahso //q =^- Wg, the results simplify still further, and we have 




\u^ cos a(i — 
tan 6 = 


e), cos a(i + e), 

2 sin a 

(i ~ e) cos a’ 


§ 127, Loss of Kinetic Energy in OUigue Impact. 

The velocities jx'rpendicular to the line of centres are unaltered. 
The loss of kinetic energy is therefore the same as in the case of 
direct impact (§ 124) if we substitute w, cos a and t/g cos P for 
and 7/0 res[)ectively. 

The lo.ss is therefore 


I - - (wi cos (X — Uo cos — e^). 

j ^ + Wg' ^ 2 t'f \ / 

-nss: Example (i). 

A ball of mass 8 lb., moving ivith velocity 4 ftfsec., impinges on a ball 
of jiiii'i'i 4 lb., moving with velocity 2 ft. j sec. If their velocities before 
impait be inclined al angles 30" and 60° to the line joining their centres 
at the moment of impact, find their velocities after impact when e ~ 
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Let and Cg (Fig. 72) be the centres of the balls. 

The components of velocity perpendicular to CjCg are 4 sin 30° and 
2 sin 60°, or 2 and \/3 ft. /sec. These are unaltered by the impact. 

If Vi and y, be the velocities along CiCg after impact, we have 
by momentum 

8^1 -L = 8x4 cos 30*^ -{-4x 2 cos 60" ■■ lb v’3 f- 4, 
and by Newton’s Law, 

7^1 ~ — i(4 cos 30^* -- 2 cos 60^) — i(2 \/3 ™ i), 


or 


2v^ + 17 , = 4 V 3 + L 
2i;i — 27;, — 2 V 3 + L 

37/2 6^/3, or i^a = 2 V 3 . and = 6^3 + 3 » 

2^3 -f- 1 

Vi — ■ ^ 

2 


The velocity of the 8 lb. sphere 

= ^ ft./sec.. 


and if ^ be the inclination to CjC,, 


tan 0 = ^ ^ = 4(2 V3 - I) 

2^3 -f I II 

The velocity of the 4 lb. sphere 

= ''^3 + 12 = V15 ft./sec. 


and if <f> be the inclination to CjC, 


tan ^ = 


V3 _ I 

2V3 2' 


Example (ii). 

A sphere of mass M, travelling with velocity u, impinges obliquely on 
a stationary sphere of mass M\ the direction of the hloiv making an angle 
a with the line of motion of the impinging sphere. If the coefficient of 
restitution is e, prove that the impinging sphere is deflected through an 
angle p, such that 

a - + e) tan a 

(M - eM') + (M + M') tan* a‘ 
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Find the subsequent velocities if u — lo ft, /sec., a = 30°, M' — 2M, 
and e = 0-5. (Ex.) 



Fig. 73. 

Let Cl and Cj (Fig. 73) be the centres of M and M'. 

The component velocities of M along and perpendicular to CiC^ are 
u cos a and 74 sin a. and the latter is unaltered by the impact. 

If Vi and Vz are the velocities along ('1C2 after impact, 

Mvi -f- M'v,^ Mu cos a (i) 

— Vi " — eu cos OL ... . (ii) 

{M -1- M')v^ == u cos a(M ~ cM'), 

(M — eM')u cos OL 

Vi — 1 - i 

* M + M' 


To find the angle of deflection we resolve Vi and u sin a perpen- 
dicular to and along the original direction of motion. 

The sum of the components perpendicular to the original direc- 
tion is 

u sin a cos a — sin a, 

— -..r eir. ^ ~~ Sin OL COS OL u siii a cos a(i -f e)W 

M -f M T M' 


The sum of the components along the original direction is 

. , . . ^ (M — M'e)u cos*-* a 

u sm* a "f cos a == w sin* a H W^ ' M ' ' 

__ u(M + M' sin* OL — eM' cos* a) 


tan p = 


M 4 - M' 
u sin a cos a(i -f e)M' 


u[M sin* a 4 M' sin* a 4 Af cos* a — eM' cos* a] 
_ M' tan a(i 4 

fM 4 M') tan* a 4 (M ■— eM'f 

If M ~ 10, a = 30®, M' “ 2M, e = 0*5, 

_ (M -- i 2 M)wcos a _ 

‘ “ M'T'iM ^ 


and w sin a = 10 X i == 5 ft./sec., 

the velocity of Af is 5 ft./sec. perpendicular to the line of centres- 
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Also from (i) and (ii), 

(M M')V2 = Mu cos a(i e), 

lo . . 5. 

... t,, = = 5 .2. = 5 ;^ ft. /sec. 

M -i- M' 3 2 

Example (iii). 

sphere is suspended from a fixed point by an inexicnsible siring. A 
second sphere of small radius and equal mass m, moving downwards in 
a direction making an angle of 30° with the vertical, impinges directly on 
the first sphere ivith speed F. If the coefficient of restitution between the 
spheres is prove that the initial velocity of the first sphere after impact 
is V. 

Calculate also the impulsive force in the string at the moment of impact. 

(H.S.D.) 

In this problem, although the impact is direct, the suspended sphere 
is not free to move along the line of centres. It is only free to move 
perpendicular to the string, i.e. horizontally, and can apply the principle 
of momentum in this direction only. 

Newton’s Law is applied, as usual, along the line of centres. 



Fig. 74. 

Let A (Fig. 74) be the point of suspension, and C the centre of the 
first sphere. 

Let V be the horizontal velocity of this sphere after impact, ti the 
velocity of the impinging sphere. 

As the blow on the latter is along the line of centres, u is in the same 
straight line as the original direction of motion. 

Equating horizontal momenta after and before impact, 

mv -f* mu cos 60° = mF cos 60° . . • (i) 

From Newton’s Law, along the line of centres, 

u — V cos 60° — — I F . . . (ii) 

V + \u — IV, 
w — Jv = — i F. 

.*. + JF, 

P - ;^F. 

» M =r — J F, or « = — F. 


Also 
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The vertical momentum before impact was mV cos 30® 

The vertical momentum after impact is 

— ImV cos 30° = — 

The impulsive tension in the string is equal to the change of momen- 
tum it produces, and is therefore 

—mV+ = 

2 10 5 

EXAMPLES XXI L 

j. A sphere of mass 2 lb., moving at 10 ft. /sec., impinges obliquely on 
a sphere of mass 4 lb. which is at rest, the direction of motion of the 
first sphere making an angle of bo'’ with the line of centres at the 
moment of impact. Find the velocities of the spheres after impact, 
the coefficient of restitution being T 

2. A sphere of mass 8 lb., moving at 6 ft. /sec., impinges obliquely on a 
sphere of mass 4 lb. which is at rest, the direction of motion making 
an angle of 30® with the line of centres. Find the velocities of the 
spheres after impact, the coefficient of restitution being 

3. A sphere of mass 2 lb., moving wdth velocity 8 ft. /sec., impinges on a 
sphere of mass 4 lb., moving with velocity 2 ft. /sec. ; if their velocities 
before impact be in like parallel directions and inclined at an angle 
of 30” to the line of centres at the moment of impact, find the velo- 
cities after impact, the coefficient of restitution being J. 

4. If, in the last example, the spheres are moving in opposite parallel 
directions, find their velocities after impact. 

5. Two equal balls, moving with equal speeds, impinge so that their 
directions of motion are inclined at 30° and 60° to the line of centres 
at the moment of impact ; if the balls are perfectly elastic, find their 
directions of motion after the impact. 

6. If, in question 5, the coefficient of restitution is J, find the velocities 
of the balls after impact. 

7. A sphere of mass m impinges obliquely on a sphere of mass Af, 
which is at rest. Show that, if m ~ eM, the directions of motion 
after impact are at right angles. 

8. A smooth billiard ball impinges on another equal ball at rest in a 
direction that makes an angle a with the line of centres at the mo- 
ment of impact, and e is their coefficient of restitution. Prove that 
the angle, through which the direction of motion of the impinging 

ball is deviated, is tan - 'f M — 1 . (I.S.) 

Li-e + 2tan*aJ ' ’ 

9. Two equal smooth billiard balls, whose coefficient of restitution 

is e, moving with equal velocities in opposite directions, impinge 
obliquely, the line of centres on impact being inclined at 45® to the 
direction of motion. Prove that the loss of kinetic energy is half 
what it would have been had the impact been direct. (I*S.) 
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10. A smooth sphere, moving with velocity w, impinges on an equal 

smooth sphere at rest, the direction of u just before impae:t being 
inclined at an angle a to the line of centres. Idnd the magnitude 
and direction of the velocity of each sphere after impact in terms 
of u, a and the coefficient of restitution e. If tan“ a and e 

show that the velocity of the first sphere is halved by the impact. 

(H.S.D.) 

11. A smooth sphere of mass m impinges obliquely on a splume of mass 

M which is at rest. If after the impact the first spihere is moving 
in a direction perpendicular to that of its original motion, show tliat 
m deM, where e is the coefficient of restitution. Show also that 
the kinetic energy of the two spheres is reduced by the impact in 
the ratio i : e. (H.S.D.) 

12. Two equal spheres impinge obliquely, one being originally at rest 
and the other moving in a direction making an angle 6 with the 
line of centres at the moment of impact Show that the direction 
of motion of the second sphere is deflected through an angh' a 
where 

. (i -f- tan 6 

tan a — -d — ! — i , 

I — e 2 tan 2 8 

e being the coefficient of restitution. 

Show that d may be so chosen that a has any given value such 
that 

tan a <: J 1 — — (H S D.) 

a / 2(1 - C) 

13. A billiard ball is at rest and another equal bail is aimed at the first 

so that the direction of motion of the centre (when produced geon^et- 
rically) just touches the first; if the coefficient of restitution is i, 
find the directions in which the balls travel after impact, and prove 
that the amount of kinetic energy transferred to the first ball is 
about 0*6 1 of the energy of the other before impact, wni the other 
has about 0-26 of its original energy left. (I.S.) 

14. Two smooth spheres, masses M and ni, impinge obliquely, and the 
latter is brought to rest. Prove that the gain of kinetic energy of 
the former is 

where e is the coefficient of restitution, and T the kinetic energy of 
the sphere m before the impact, (I. A.) 

15. Prove that, if the effect of an impact between two smooth spheres 
is to turn their relative velocity through a right angle, the relative 
velocity just before the impact must make an angle tan-^Vc with 
the line of centres ; e being the coefficient of restitution. (I S.) 

16. Show' that if a perfectly elastic sphere collides w ith another at rest, 

and their lines of motion after impact are at right angles, their 
masses must be equal. (C.S.) 

17. Two smooth spheres of equal mass whose centres are moving with 
equal speeds in the same plane, collide in such a way that at the 
moment of collision the line of centres makes an angle 90° — p 
with the direction bisecting the angle a between the velocities 
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before impact. Show that after impact the velocities are inclined 
at an angle tan"' (tan a cos 2^), the collision being jjerfectly elastic. 

(C.S.) 

18. A smooth sphere of mass M is suspended from a fixed point by an 
inelastic string, and another sphere of mass m impinges directly 
on it with a velocity v in a direction making an acute angle a with 
the vertical. Show that the loss of kinetic energy due to the im- 
pact is 

1 mM(i — e^)v- 

2 M m sin* a* 


where e is the coefficient of elasticity. (C.S.) 

IQ. Show that if a smooth sphere of mass m, collides with another sphere 
of mass at rest, and is deflected through an angle d from its 
former path, the sphere of mass being set in motion in a direction 
<l> with the former path of then 


tan 6 ™ 


nii sin 2<l> 
nil — cos 2<f>' 


both spheres l:)eing perfectly elastic. (C.S.) 

20. A sphere of mass 4m in motion collides with a sphere of mass m at 
rest. Assuming the spheres to be smooth and perfectly elastic, 
show that the direction of motion of the more massive sphere 
cannot be deflected b}^ the collision through an angle greater than 
14° 2() (C.S.) 

2 1. A ball A impinges on an equal ball B which is at rest. If the direc- 
tion of motion of A before and after impact makes angles 9 and 9' 
respectively with the line of centres of the balls, find 6' in terms of 
9 and e, the coefficient of restitution between the balls. 

Show that when the deviation of A is greatest, 

(9 -f r = 90^ (H.C.) 

22. Two uniform smooth spheres A, B, of equal radii are set in motion on 
a smooth horizontal table and collide with one another. Prove that 
if M, w' are the components of their velocities relative to the centre 
of gravity, resolved along the line of centres before impact, and 
V, v' the corresponding velocities just after impact, then 
mil -f- ni'u* -- o = mv m'v\ 

where m, m' are the masses of the spheres. 

Prove also that if e is the coefficient of resilience, 

v' ~ ~~ eu\ and v — — eu, 
and the total energy lost in the collision is 

|(i — e^) {mu^ -f w'w'*). (^-C.) 


§ 129 . The following examples are of a rather harder type than 
those in the preceding paragraphs. 




AMPLE (i). 


A Sphere of mass m is let fall on a smooth hemisphere of mass M resting 
with its plane face on a smooth horizontal table, so that at the moment of 
impact the line of centres makes an angle a with the vertical . Find equations 
for determining the velocities of the bodies after impact, the velocity of the 
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sphere just before impact being u, and e the coefficient of restitution. Show 
that, when a = 45°, the speed of the hemisphere after impact will equal that 
of the sphere just before impact if 2M — em. (Ex.) 



Let O (Fig. 75) be the centre of the hemisphere, and C that of the 
sphere. 

Since the hemisphere is standing on a horizontal table we can only 
apply the principle of momentum horizontally. 

Newton's Law is applied along the line of centres. 

If F be the velocity of the hemisphere after impact {V is horizontal), 
Vi and the components of the velocity of the sphere along and perpen- 
dicular to the line of centres, then, since there is no horizontal momentum 
initially, 

MV mv^ sin a — mv^ cos a = o . . (i) 

Applying Newton’s Law along the line of centres, 

— V sin CL — ~ eu cos a . . . (ii) 

and since the velocity of the sphere perpendicular to the line of centres 
is unaltered, 

V, == w sin a .... (iii) 


These three equations are sufficient to determine V, Vi and r*. 

If « = 45°. 


from (i), 

,>rTr 

"*^ + 71- v;-”' 

mvi m V meu 

from (ii), 

V2 

mv^ mu 

and from (iii) 

Vl T'* 

••• [M —(I H-e) 

and 

V = u. 

if 

2M -f* W = W (l + ^), 

or 

zM — em- 
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ExAMPL^r(njr* 

Two equal balls are lying in contact on a smooth table, and a third equal 
ball, moving along their common tangent, strikes them simultaneously. 
Prove that ^(i — e*) of its kinetic energy is lost by the impact, e being the 
coefficient of restitution for each pair of halls. (C.S.) 



Fig. 76. 


Let A (Fig. 76) be the centre of the moving ball, B and C the centres 
of the others. 

Since the balls are equal, ABC is an equilateral triangle. 

Let V be the velocity of A before impact, its velocity after impact, 
v^ the common velocity of B and C after impact. 

v^ will be in the same line as v, B and C will move off along AB 
and AC. 

We must apply the principle of momentum along the direction of A's 
motion for all three balls. 

Newton’s Law is applied along the line of centres for A and one of the 
others. 

By the principle of momentum, 

2Vi cos 30® 4- 1;, =s v, 
and by Newton’s Law for A and C, 

V, cos 30® — Vj = — tfi; cos 30® ; 
these equations give 

V3V1 + v^ = v , . . (1) 

V 3 ^a ~ *= — -v/3 fit; . . (li) 

••• 3*^1 + V3Vt = V 31 '. Irom (i), 

••• 5^1 == V3v(i + e), 

••• V, = ^(i + e)v. 

Multiplying (i) by 2, and (ii) by ^3 and adding, 

5v, = (2 - 3e)v, 

••• = i(2 - 3«) V. 
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The loss of kinetic energy is 


imv* - - m^(i + e)*v*, 

i 2 e ge* 6 -f i 2 e + 




25 

«*)• 


]■ 


Hence the lowss of kinetic energy is ^(i — «*) of the original kinetic 
energy. 

Example (iii). 

A particle of mass m is placed in a smooth straight tube, of mass M, 
which is closed at both ends and lies on a smooth horizontal table. The 
particle is projected from one end of the tube with velocity u and proceeds to 
rebound from each end alternately, the coefficient of resilience being e. 
Prove that the velocity of the tube is 

mu(i -f 
m M 

after 2 w — i impacts, and 


mu(i 


V 


after 2 w impacts. 


m M 


(Ex.) 


Let Vi, etc., be the velocities of the particle and tube after 

the first, second, etc., impact. 

The total momentum is unaltered so that 

mu^ -f- values of n. 

Also the relative velocity after each impact is — ^ times that before 
the impact, 

.*. Mj ~ t/j == — eu. 

Mg — t/g = -f- 




■ (i) 


«2n -*'*»=+ «*"« 

• (ii) 

Also 

= »«** • 

• (iii) 


4- fnu , 

. (iv) 


Hence from (i) and (iii), 

(M -|- m) “ rnu(i -f- 

mu(i 4- e*** . 




from (ii) and (iv). 


m 4- Af 


(M 4“ ^)^2n ~ 


*. = 


mu(i — tf*") 

m 4- 70 
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EXAMPLES XXI 11 . 


1 . An inelastic sphere of mass m is dropped with velocity V on the face 
of a smooth inclined plane of mass M and slope a which is free to 
move on a smooth horizontal plane in a direction perpendicular to 
the edge. Show that the loss of kinetic energy due to the impact is 

I mMK* cos* a ^ ) 

T (M -f m sin* a) ‘ 

2. Three equal smooth balls A, B, C are placed in order on a smooth 
floor with their centres in a line perpendicular to a smooth wall 
which is perfectly elastic, the centre of the ball A being at a dis- 
tance from the wall which is small in comparison with the distance 
of B. If the ball C is projected towards the wall, prove that A 
comes to rest temporarily after two collisions with B, independently 
of the coefficient of elasticity between a pair of balls. 

Prove further that, if the coefficient of restitution is nearly unity, 
A comes permanently to rest after its fourth collision with B. (C.S.) 

3. A ball is projected on a pocketless billiard table. Show that if the 
effect of friction and rotation be neglected, it will travel always 
parallel to one of two fixed directions so long as it strikes the four 
cushions in order ; and that the velocity is decreased in the ratio 
e* : I after each complete circuit, e being the coefficient of restitution. 

(C.S.) 

4. Two equal smooth spheres A, B lie in contact on a smooth hori- 
zontal plane ; a third equal sphere C is projected with a given 
velocity along the table so as to strike A and B simultaneously. 
Find the velocities of each sphere after impact and show that the 
sphere C passes through and beyond the two spheres A and B if 
the coefficient of restitution between the spheres is less than J. 

(C.S.) 

5. A smooth inclined plane of slope a and mass M is free to move on 
a smooth horizontal plane in a direction perpendicular to its edge. 
A sphere of mass m is dropped on it. Prove that the sphere will 
rebound in a direction inclined to the horizontal at an angle 0 , 


where 


^ _ (M -h w) sin* a — Me cos* a 
M(i -f e) sin a cos a ' 


where e is the coefficient of restitution. (C.S.) 

6. Two equal scale pans are suspended by inextensible string passing 

over a smooth pulley so that each remains horizontal. An elastic 
sphere falls vertically, and when its velocity is u it strikes one of the 
scale pans and rebounds vertically. Show that the sphere takes 
the same time to come to rest on the scale pan as it would if the 
scale pan were fixed. (C.S.) 

7. A spherical ball of mass m suspended by a string from a fixed point 
is at rest, and another spherical ball of mass m' which is falling 
vertically with velocity u impinges on it .so that the line joining the 
centres of the balls makes an angle a with the vertical. Prove that 
the loss of kinetic energy is 


1 (i — e‘)mm'u* cos* a 

2 w 4* m' sin* a ' 


where e is the coefficient of restitution. 


(C.S.) 
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8. Four particles, each of mass m, are connected by equal inextensible 
strings of length a and lie on a smooth table at the corners of a 
rhombus the sides of which are formed by the strings. One of the 
particles receives a blow P along the diagonal outwards. Prove 
that the angular velocities of the strings after the blow are equal to 

where 2a /a < is the angle of the rhombus at the particle 
2ma V 4/ 

which is struck. (C.S.) 

9. Two equal smooth spheres of mass m, perfectly elastic, collide ob- 

liquely. Initially one is at rest. Prove that the velocities of the 
two spheres after impact are at right angles, and express the final 
velocities in terms of the initial velocity V and the angle ^ between 
the line of centres at impact and the direction of motion of the moving 
sphere before impact. (C.S.) 

10. A small smooth sphere of mass m impinges on a small smooth sphere 
of mass m' at rest, and ni' starts moving with velocity V. If e is 
the coefficient of restitution, prove that, whether the impact is 
direct or oblique, the kinetic energy dissipated is 

w'(w 4 - w')(i — e)V^ ^ . 

2w(i + e) 

11. A particle falls vertically on a fixed rough elastic plane inclined at 
an angle a to the horizon. Show that if the direction of motion of 
the particle immediately after impact is horizontal, 

tan* a ~ /x(i + ^)tan a — e ~ o, 
where e is the coefficient of resilience, and ju that of friction. 

(H.S.C.) 

12. A smooth wedge ABC of mass M and with angle ABC = a, is placed 
with the face AB on a smooth horizontal plane. A particle of mass 
m, moving with velocity u inclined at (a — /?) to the horizontal 
strikes the face BC at an angle If e is the coefficient of elasticity, 
show that the horizontal velocity of the particle after the impact 
will exceed that of the wedge if 

{M -f- m) (cos a cos p — e sin a sin p) > m cos* a cos (a — j 3 ) . 

(Ex.) 

13. If a ball is projected from a point on a smooth billiard table so as to 
strike in succession a side cushion, the top cushion, the other side 
cushion, and bottom cushion, show that the rectilinear portions of 
its path are parallel in pairs, assuming the cushions smooth and 
equally resilient. 

Within what area on the table must the point of projection be 
in order that at the fourth impact as described above the ball when 
projected in the right direction may fall into a bottom pocket, 
a, b, being the lengths of the sides of the table measured along the 
inside edges of the cushions, c the radius of the ball, and e the 
coefficient of resilience between each cushion and the ball. (Ex.) 

14. A smooth inelastic sphere of mass M lies on a smooth horizontal 
plane ; a second smooth inelaistic sphere of mass m falls on it. At 
the moment of impact the line of centres makes an angle a with the 
vertical, and the velocity of the falling sphere is U, Prove that the 
subsequent velocity of the lower sphere is 

m sin a cos otU 


M sin* a 


(H.C.) 
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15. What is meant by the impulsive tension of a string and in what 
units can it be measured ? 

Two particles of equal mass, 2 gm., are connected by a smooth 
light straight string which passes through a hole in a block of mass 
8 gm. The system is placed on a smooth horizontal table with 
the block at rest, wliile the two particles are given the same velocity 
10 cm, /sec. in the direction of the string. If the coefficient of resti- 
tution between particle and block is J, find the velocity of the block 
after impact by one of the particles. Find also the impulsive ten- 
sion of the string at the impact. (N.U.3) 

16. A body is placed at rest on an inclined inelastic plane of inclination 
10° and coefficient of friction A second body of equal mass falls 
vertically on to it with a speed of 16 ft. /sec. and coalesces with the 
first body. 

Find the initial velocity of the two bodies together down the 
plane, and the distance travelled before they come to rest. 

(N.U.s) 



CHAPTER IV. 


PROJECTILES. 

§ 180 . We have now to consider the motion of a particle when 
projected under gravity in any direction. In doing this we shall 
assume, as before, that the acceleration due to gravity is constant. 
We shall also neglect the resistance of the air to the motion. The 
following terms are used in connection with projectiles : — 

The Angle of Projection, is the angle that the direction in which 
the particle is projected makes with a horizontal plane through 
the point of projection. This angle is also called the angle of 
elevation. 

The Trajectory is the path described by the particle. 

The Range is the distance between the point of projection and 
the point where the trajectory meets any plane through the point 
of projection. 

The downward acceleration due to the earth’s attraction causes 
the path to be curved, and we shall show later that this curve is 
always a parabola. 

Many important results, however, can be obtained without 
assuming any knowledge of the nature of the path. 

§ 131 . The principle of the method employed is to consider the 
vertical and horizontal components of the motion separately. Since 
gravity acts vertically, it has no effect on the velocity of the particle 
in a horizontal direction. 

The horizontal velocity therefore remains constant throughout 
the motion. 

If the particle is projected with velocity w at an elevation a, the 
horizontal and vertical components of the initial velocity are u cos a 
and u sin a respectively. 

The horizontal velocity throughout the motion is therefore 
u cos a. The vertical motion is dealt with in the same way as 
in paragraphs 54-58 taking u sin a for the initial velocity of 
projection. 

§ 182 . Suppose the particle projected from P (Fig. 77) with 
velocity u at an angle a to the horizontal PX through P. 

179 
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Let A be the highest point of the path, and Q the point where 
it again meets the horizontal plane through P. 

1. To Find the Greatest Height Attained. 

When the particle has reached the highest point A of its path 
it will have lost all its vertical velocity, hence using the formula 

— 2gs, 

since u is now replaced by u sin a, we have, if h is the greatest 
height, 

o ~ M* sin^ a -- 2gh, 
h — sin^ g 

2. To Find the Time taken to reach the Greatest Height. 

Using the formula = u - gt, 

we have o -■ w sin a — gi, 

8. To Find the Time of Flight, i.e. the Time taken to return to 
the same Horizontal Level as P. 

Using s = ui \gt^, and putting s ~ o, 

o — « sin a r — 

T — 2« sin g 

This is twice the time taken to reach the highest point. 

4. To Find the Range on the Horizontal Plane through P. 

During the time T the particle has been moving horizontally 

with uniform velocity u cos a, 

horizontal distance described 

^ sin a cos a 
== M cos a . r , 

the range 

2w* sin a cos a sin za 


g 


g 
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For a given velocity of projection u, thivS expression for the 
range is a maximum when 2a ~ 90°, or a = 45°. 

Hence for a given velocity of projection, the horizontal range is 
greatest when the angle of projection is 45°. 

5. To Find the Velocity and Direction of Motion after a Given 
Time. 

We know that the horizontal component of the velocity is con- 
stant and equal to u cos a. 

The vertical component v after a time i is given by 

7^ = w sin a — gt^ 

if V is the resultant velocity, 

cos^a +(74 sin a — gt)^, 

— — 2 ugt sin a + gH^. 

If ^ be the angic. which the direction of motion makes with the 
horizontal, 

^ vertical component of velocity w sin a — gt 

tan 6 = r — : — 7 — i — ^ = . 

honzontal component of velocity u cos a 

§ 183. For a given velocity of projection there are, in general, two 
possible angles of projection to obtain a given horizontal range. 

We have seen that the range 

R = — sin 2a, 

g 

If i? and u are given 

sin 2 a — 

Now for a given value of the sine of the angle 2a, there are two 
values of the angle less than 180°. If 2^ is one value the other is 
180° — 2 d. B and 90° — 0 are two possible angles of projection 

pR 

unless ^ = I, when only one value is possible, viz. 90"^ for 2 a, or 
45'’ for a. 

This is the case when the range is a maximum for the given 
velocity u. 

The directions B and 90° — ^ are equally inclined to the horizontal 
and vertical respectively, so that the direction for maximum range 
bisects the angle between them. 

§ 184. Example (i). 

A particle is projected with a velocity of 960 ft. /sec., at an elevation of 
30° ; find (i) the greatest height attained, («) the time of flight and the range 
on a horizontal plane through the point of projection, (Hi) the velocity and 
direction of motion at a height of 528 feet. 

VOL. I. — 7 
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The initial horizontal velocity — tjGo cos 30 - 960 X ~--y 

= 480 \/ 3 ft. /sec. 

The initial vertical velocity ^ 960 sin 30° — 480 ft. /sec. 

(i) If A be the greatest height, then at this height the particle has lost 
all vertical velocity, 

o == 480* ~ 'igh 
... h = =. 3600 ft. 

2X3^ 

(ii) If t be the time of flight, the vertical height at that time is zero. 


o ~ 480^ — i gf^, 
t = 30 seconds. 

The horizontal range is the distance travelled horizontally in 30 
seconds with uniform velocity 480^3 ft. /sec. 


~ 480^/3 X 30 14,400^3 feet, 

~ 24.941 feet approximately. 

(iii) If V is tlie vertical velocity at a height of 528 ft. 

— 480* — 2 g . 528, 

= 480=* -- 64 X 528 = 64 X 3072 
y 8 X 32\/3 ft. /sec. 

== 256 V3 ft. /sec. 


The horizontal velocity is 480 v'3. ^nd if d is the inclination of the 
direction of motion to the horizontal. 


tan 0 ~ 


25^ V 3 ^ 32 ^ 
480 \/3 ^ 


15 * 


The resultant velocity V is given by 


1^2 = 8 * X 32 =* X 3 4- 480 ^* X 3 = 8 “ X 4 ^ X 867 , 
F 32 X 17 ^3. 

= 544^/3 ft. /sec. 


Example (ii). 

A particle is projected ivith a velocity of ft. j sec. : find the maximum 
range on a horizontal plane through the point of projection and the Uvo 
directions of projection to give a range of 36 jt. 

If the angle of projection is a, the horizontal and vertical components 
of the initial velocity are 48 cos a and 48 sin a. 

The time of flight i, is given by 


o == 48 sin a . t 
f __ 9^ sin a _ 


- i gty 

3 sin a. 


In this time the horizontal range is 


3 X 48 sin a cos a, 
= 72 sin 2 a. 
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This is a maximum when 2a = 90°, or a ~ 45°, and then the value 
is 72 feet. 

When the range is 36 feet we have 

72 sin 2a == 36, 
sin 2a — L 
... 2a = 30°, or 156°, 
a = 15° or 75°. 

Example (iii). 

A particle is projected out to sea with a velocity of 192 ft. j sec. from the 
top of a cliff 256 feet high at an angle of ^0° with the horizontal : find how 
far from the bottom of the cliff the particle hits the water. 

The initial vertical velocity is 192 cos 60° = 96 ft. /sec. 

The initial horizontal velocity is 192 cos 30® — 96 V3 ft. /sec. 

The time t to reach a point 256 feet below the point of projection is 
given by 

~ 256 ~ — 16/®, 

~ 6/ — 16 o, 

... (/ 8) (t 4- 2) o. 

.*. / = 8 seconds. 

In this time the horizontal distance travelled is 


8 X 96\/3 -- 768^3 feet, 

= 1330 feet approximately. 

Example (iv). 

."1 bullet is fired ivith a velocity tidiose horizontal and vertical components 
arc u, V • find its position at time t. If the horizontal velocity is 2000 
ft. /sec., find the elevation at which it must be fired if it is to hit a mark 6 feet 
above the muzzle at a distance of 500 yards. 

If X, y are the horizontal and vertical distances from the muzzle after 
time t, 

X ^ uf (i) 

y ^ vt — h gt^ . . . . (ii) 

When u = 2000 ft. /sec. and x — 1500 feet, 

/ = f = L 52 ? =; 2 second. 
u 2000 4 


The height at this time has to be 6 feet, and substituting y ~ t>, / — J 
in equation (ii), 

6 = fv — 16 X 
.-. Jv = 6 -f 9 = 15 . 

.w = 20 ft. /sec. 

If ^ is the angle of elevation initially 


tan 0 = 


V 

u 


20 _ I 

2000 100* 


6 = about 3i minutes. 
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Example (v). 

If the the horizontal range of a projectile, and h its greatest height, prove 
that the initial speed is 


[«(* + !&)]* 


Let u be the initial speed, and a the angle of projection. 
The horizontal range 

sin a cos a 


The greatest height 


g 

u* sin ‘a 


(i) 


(ii) 


Now the value of u given in the question does not contain a, so that 
it must be obtained by eliminating a between equations (i) and (ii). 

From (ii) we have cosec* a = — ; . 

2 gh 

r r 

Dividing (i) by (ii), 4 cot a — 7, or cot a = — . 

h 4A 


Now 


Example (vi). 


cosec* a = I -f- cot* a, 



A projectile is fired from a point on a cliff to hit a mark 200 feet hori^ 
zontally from the point and 200 feet vertically below it. The velocity of 
projection is that due to falling freely under gravity through 100 feet from 
rest. Show that the two possible directions of projection are at right angles, 
and that the times of flight are approximately 2*7 and 6*5 seconds. 

The velocity v acquired in falling 100 feet is given by 


r* = 2^ . 100 = 64 X 100, 

.'.V = 80 ft. /sec. 

If a is the angle of elevation at which the projectile is fired, 

— 200 = 80 sin a . < — 16^*, . . • (i) 

also 200 == 80 cos (g. ,i . . . ' . (ii; 

From (ii) we get 

/ = I sec. a. 

Substituting in (i), 

— 200 = 200 tan a — 100 sec* a, 

= 200 tan oc — * 100 — 100 tan* a, 

tan a = ^ ^ =* i :fc V£ 

Z 
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One of these values is negative, and this means that one of the direc- 
tions is below the horizontal. 

The product of the two tangents is 

(i -j- V2)(i V2) — I, 

and this, by a well-known result in geometry, shows that the directions 
are at right angles. 

If 

tan tti = I + V2, 

and 

tan ttg = I — ' -v/z, 
sec* «! = I -f- 3 -f- 2^2, 

= 6*828, 

sec* a, = I 4- 3 2 v/2, 

= 1*172, 

sec tti — 2*6, 

and 

sec a, = 1*08, 

the times are | x 2*6 = 6*5 seconds, 
and I X I 08 = 2*7 seconds, approx. 

Example (vii). 

A vertical post subtends an angle cl at a point A in the same horizontal 
plane as the foot of the post. Two particles are projected at the same in- 
stant from A , in directions making angles 0 ^ and with the horizontal, so 
that the former strikes the top of the post at the same moment that the latter 
strikes the bottom of the post. Prove that 

tan $1 — tan 6 ^ ~ tan cl. 



Let Wj, w, be the velocities of projection, h the height of the post PQ 
(Fig. 78) and a its horizontal distance from A. 

Since the particles describe the same horizontal distance in the same 
time, their horizontal velocities are equal, 

cos Bx = 

If / be the time taken to reach the post, 
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also 

sin dy ,i — i 
Wj. sin ^2 . / — J gt^, 
t(Uy sin sin ^2). 

t (tan dy ~ tan S^, 

(tan — tan 6^), 

Uy cos 6y 

a (tan 6y — tan Ot), since h ~ a tan a, 
tan By — tan B^. 

EXAMPLES XXIV. 

1. A particle is projected with a velocity of 96 ft, /sec. at an elevation 
of 30® ; find (i) the greatest height reached, (ii) the time of flight and 
the horizontal range, (iii) the velocity and direction of motion at a 
height of 1 1 feet. 

2. Find the greatest range on a horizontal plane when the velocity of 
projection is (i) 64, (ii) 60, (iii) 96 feet per second. 

3. A man can just throw a stone 200 feet : with what velocity does he 
throw it and how long is it in the air ? 

4. A projectile is fired horizontally from a point 200 feet above a hori- 
zontal plane with a velocity of 2000 ft. /sec. 

How far will it be horizontally from the point of projection when 
it reaches the plane ? 

5. A shot is fired from a gun on the top of a vertical cliff, 400 feet high, 
with a velocity of 768 ft. /sec., at an elevation of 30"". Find the 
horizontal distance from the foot of the cliff of the point where the 
shot strikes the water. 

6. Find the velocity and direction of projection of a particle which 
passes in a horizontal direction just over the top of a wall which 
is 32 yards distant and 12 yards high. 

7. Find, to the nearest yard, the range on a horizontal plane of a rifle 

bullet fired at an elevation of 3° with a muzzle velocity of 1000 
ft. /sec. (I-S.) 

8. What is the least velocity of projection required to obtain a hori- 
zontal range of 100 yards, and what will be the time of flight ? 

(I.A.) 

9. Show that a particle starting with a velocity of 100 ft. /sec. at an 
angle tan-‘ | to the horizon will just clear a wall 36 feet high at a 
horizontal distance of 80 yards from the point of projection. (LA.) 

10. A body is thrown from the top of a tower 96 feet high with a velocity 

of 80 ft. /sec. at an elevation of 30® above the horizontal : find the 
horizontal distance from the foot of the tower of the point where it 
hits the ground. (I A.) 

11. A bullet is fired out to sea in a horizontal direction from a gun situated 
on the top of a cliff 280 feet high. 

Calculate the distance out to sea at which the bullet will strike 
the water, given that the initial velocity of the bullet is 800 ft. /sec. 

Calculate also the inclination to the horizontal at which the bullet 
will strike the surface of the water. (H.S.D.) 


h = 
o — 
.-. h = 
h 

Uy COS By 

h __ 

* ’ Uy cos By 

a tan a = 
.-. tan a — 
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12. A bullet is fired with an initial velocity of 2000 ft. /sec. in a direction 
making 25“ with the horizontal. 

Calculate how far from the star tin g-poipt the bullet will strike 
the ground again. (H.S.D.) 

13. If a particle is projected inside a horizontal tunnel which is 16 feet 
high with a velocity of 200 ft. /sec., find the greatest possible range. 

(I.S.) 

14. A ball is thrown from a height of 3 feet above the ground to clear a 
wall, 35 feet away horizontally, and 15 feet high. 

Show that the velocity of projection must not be less than that 
acquired by falling under gravity through 24 J feet, and, when this 
is the velocity of projection, find how far beyond the wall it will 
reach the ground. (I S.) 

15. A body is projected at such an angle that the horizontal range is 

three times the greatest height. Irind the angle of projection, and 
if, with this angle the range is 400 yards, find the necessary velocity 
of projection and the time of flight. (f A.) 

r6. A ball is thrown with a velocity whose horizontal component is 40 
ft. /sec. from a point 4 feet 3 inches above the ground and 20 feet 
away from a vertical wall 16 feet 3 inches high in such a way as just 
to clear the wall. At what time will it reach the ground ? (I.E.) 

17. A ball is thrown from a point A in a horizontal plane so as just to 

pass over a wall standing on the same plane, the horizontal com- 
ponent of the ball's velocity being equal to the velocity it would 
acquire in falling from rest through a distance equal to the hori- 
zontal distance of A from the wall, throve that the ball pitches 
behind the wall at a distance from it equal to 4 times the height 
of the wall. (I.E.) 

18. Find the least initial velocity which a projectile may have, so that 

it may clear a wall, 10 feet high and 13 feet distant, and strike the 
horizontal plane through the foot of the wall at a distance 7 feet 
beyond the wall, the point of projection being at the same level as 
the foot of the wall. (H.S.D.) 

TO. The greatest range of a gun is 16 miles : find the muzzle velocity of 
the shot, and prove that, when the shot has travelled 4 miles hori- 
zontally it has risen 3 miles. (H.C.) 

20. A bullet is fired from a point O with a velocity whose horizontal and 
vertical components are u and v respectively : find the direction in 
which it is moving after a time/. Ifw = 96 ft. /sec., = 288 ft. /sec., 
prove that at two points the direction of the bullet’s motion is at 
right angles to the line joining the bullet to O, and find the positions 
of these points. (H.C.) 

2 T . A shell is observed to explode at the level of the gun from which it 
is fired after an interval of 10 secs. : and the sound of the explosion 
reaches the gun after a further interval of 3 secs. Find the elevation 
of the gun and the speed with which the shell is fired. (Assume the 
velocity of sound to be 1100 ft./sec.) (H.C.) 

22. Show that, if R be the maximum horizontal range for a given velocity 
of projection, a particle can be projected to pass through the point 
whose horizontal and vertical distances from the point of projection 
are and Ji? respectively, provided that the tangent of the angle 
of projection is either i or 3, and that in the second case the range 
on the horizontal plane is R. (I S.) 
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^>^3. A shot projected with velocity v can just reach a certain point on 
the horizontal plane through the point of projection. Show that, 
in order to hit a mark h feet above the ground at the same point, 
if the shot is projected at the same elevation, the velocity of pro- 
jection must be increased to 


v* 

(v*-gh)i 


(I.S.) 


^ 24. Prove that the time of flight T, and the horizontal range AT of a 
projectile are connected by the equation 


gT* = 2X tan a. 


where a is the angle of elevation. 

Show that when the maximum horizontal range is 100 miles, the 
time of flight ’s about 3 minutes, and determine the muzzle velocity 
and the height of the trajectory. (I E ) 

25. A body is projected so that on its upward path it passes through 
a point X feet horizontally and y feet vertically from the point of 
projection. Show that, if R feet is the range on a horizontal plane 
through the point of projection, the angle of elevation of projection 

26. A particle projected from a point meets the horizontal plane through 
the point of projection after describing a horizontal distance a, and 
in the course of its trajectory attains a greatest height b above the 
point of projection. Find the horizontal and vertical components 
of the velocity of projection in terms of a and b. 

Show that when it has described a horizontal distance x, it has 
attained a height of 4bx{a — x)/a^. (H.C.) 

27. If the horizontal range of a particle projected with velocity V is a, 
show that the greatest height x attained is given by the equation 


i 6 gx* ~ 8 V*x -h ga* = o. 

Explain why two values of x are to be expected. (I S ) 

28. Show that the relative velocity of two bodies moving in any direc- 

tion under the acceleration of gravity remains constant. A stone 
is projected horizontally from the top of a tower 180 feet high with a 
velocity of 50 ft. /sec., and at the same instant another stone is pro- 
jected in the same vertical plane from the foot of the tower with a 
velocity of 100 ft. /sec. at an elevation of 60°. Show that the stones 
will meet, and find the height above the ground, and fhe distance 
from the tower at the instant of meeting. (I E ) 

29. A ball is projected from a point on the ground distant a from the 
foot of a vertical wall of height b, the velocity of projection being V 
at an angle a to the horizontal. Find how high above the wall the 
ball passes it. 

If the ball just clears the wall prove that the greatest height 
reached is 


I a* tan* a 
4 (a t^ a — by 


(N.U. 3 ) 


30. A body of weight W falls through a height h from rest under gravity. 
Find the momentum added to the body during the fall. 
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From an aeroplane flying horizontally at 120 m.p.h. at a height 
of 2 miles above the ground, a bullet is fired horizontally backwards 
at 960 ft./sec. Find the direction in which the bullet is moving 
when it reaches the ground, ignoring air resistance. (N.U.3) 

. Two projectiles P, Q are fired with the same speed V, and at the same 
inclination, a, to the horizontal from the same point, one being fired 
one second after the other. Prove that their horizontal separation 
remains constant while their vertical separation ^ seconds after the 
second is fired is 

F sin a - — ig. {N.U.3) 

A particle is projected from a point O with elevation a and speed V, 
Prove that the horizontal range is given by the formula 

r. F» . 
it = — sm 2a. 

S 

If a — 30°, find in terms of R the height of the projectile when it 
has moved a horizontal distance equal to Ji?. (N.U.3) 

33. An aeroplane is flying at a height of 3000 feet in a straight horizontal 

course at a speed of 150 m.p.h., the direction of the course being such 
as to carry it vertically over a fort, on which the pilot has to drop a 
bomb. Find the angle between the vertical and the straight line 
joining the aeroplane to the fort at the moment when the bomb 
should be released. (N.U.3) 

34. A particle is projected with a velocity of 50 ft. /sec. up a smooth 

inclined plane of angle tan-^} and length 50 feet ; on leaving the 
plane at its upper edge it describes a parabola under gravity. Find 
the greatest height attained, and the time taken to attain it after 
leaving the plane. (N.U.3) 

35. If two particles move freely under the action of gravity, show that 
their relative velocity remains constant. 

A particle is projected from a point A with a velocity v along AB, 
and simultaneously a particle is projected from B with a velocity 
V along BA, the line AB having any direction. Show that the 
particles will collide at a point vertically below the point which 
divides AB in the ratio v : V. 


§ 185. Range on an Inclined Plane through the Point of Projection. 



Let a particle be projected from a point P (Fig. 79) on a plane 
of inclination with velocity u, at an elevation a to the horizontal, 
the direction of projection being in the vertical plane through the 
line of greatest slope PQ of the inclined plane. Let PQ be the range, 
and QN the perpendicular on the horizontal plane through P. 

7 * 
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To obtain the time of flight we consider the motion perpendicular 
to the plane. 

The initial velocity perpendicular to the plane is n sin (a — 
and the acceleration in this direction is ~ g cos j3. 

The time of flight T is therefore given by 

o ^ n sin {ol -- p)T - Jg cos ^ . T^, 

T ~ 

gcoT^ ■ 

The horizontal velocity during this time is constant and equal 
to If cos a, and the horizontal distance PN described is 


and PO - PN sec p, 


2u^ sin (a — P) cos a 


range ^ 


214^ sin (a — p) cos a 
g cos^ p 


136. riu* maximum value of th(‘ range for given values of 
u and p is obtaiiK'd as follows : — 

2^2 sin (a — cos a 

R ^ (2a — P) — sin P] u 

g cos^ 6 g cos^ P^ ^ rj \ / 

Now since P and n arc' given, the quantity outside the bracket 


\g cos* pj 

is constant, and the value of the expression in the bracket is a 

7T 

maximum when sin (2a — p) is a maximum, i.c. when 2a — jS — - 
for maximum range, 


We see also that 


^ 1 ^ 
a 

4 2 


CL - P 


or the direction of projection bisects the angle between the plane 
and the vertical. 

'J'he value of the maximum range is 

w* / . w* ..... 

g cos* P^ ^ g(i + sin P) ' 


§ 137. For a given value of the range (other than the maximum 
value) with a given velocity of projection, we obtain from (ii) a 
value for sin (2a — p). 
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Now for a given sine there are two angles less than i 8 o°, so that 
we get two values for 2 a — p, if 0 is one value the other is tt ~~ 0, 
so that 2QL — p = 0, 


and 


0 

f 


2 ’ 


or 

and 


2 a — ^ — TT — 0, 
7T B 0 

a - - - - — . 


2 2 2 


There are thus two angles of projection for a given range. The 

TT B 

angle of projection for a inaxiniuni is - 

4 2 


also 


2\2 


2 2 2 


2 / 4 ^ 2 ’ 


the two directions of projection for a given range are equally 
inclined to the direction for maximum range. 


§ 138 . Jn the preceding paragraphs the direction of projection was 
expressed as an elevation to the horizontal. 

We can also take the elevation relative to the inclined plane. 

In working problems care must be taken in reading the question 
to see which of these angles is given. 

If 0 is the inclination of the direction of projection to the line 
of greatest slope of the plane, the initial velocities perpendicular 
and parallel to the plane are u sin 0 and u cos 0. 

The time of flight T is given by 


o u sin 0 ^ T — cos ^ 

X — sin 0 
~ gcos^ 


(iv) 


The range can be found as before, remembering that the hori- 
zontal velocity is now u cos 4 - 0), or by considering the motion 
parallel to the plane. 

In time T the distance (/?) travelled parallel to the plane is 


R = u cos 0 . T — \g sin ^ .T^ . . (v) 


The relations (iv) and (v) are useful in problems where the times 
of flight for a given range are required. It is easy to eliminate 0 
from these two equations. 


§ 189 . Example (i). 

A particle is projected with a velocity of 900 ft. j sec. at an elevation of 
60 ° to the horizontal from the foot of a plane of inclination 30 ®. Find the 
range on the inclined plane and the time of flight. 

Let PQ (Fig. 80 ) represent the inclined plane. 
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The component of velocity perpendicular to the plane is 
900 sin 30° ™ 450 ft. /sec. 


The acceleration perpendicular to the plane is 

g cos 30° g 16 V3 ft. /sec.* 

The time of flight t is given by 

o = 450/ — ^ . ib-y/S f*, 

t =z --- 32-5 sec. nearly. 

In j sec. the particle travels a horizontal distance 
4 

X 450 feet. 

4 

The distance up the plane is obtained by multiplying this by 

2 


sec 30", or 


*. range on the plane 


a/3’ 


— ^ 4^ X — 16,875 

4 I V3 


Example (ii). 

A particle is projected '’mth a velocity of 64 ftfsec. at an angle of 45° 
to the horizontal. Find its range on a plane inclined at 30° to the hori- 
zontal when projected (i) up, (ii) down the plane. 

(i) The component of velocity perpendicular to the plane is 

64 sin 15° ft. /sec. 

The acceleration perpendicular to the plane is 
32 cos 30° = i 6\/3 ft./sec.* 

The time of flight is given by 


o = 64 sin 15® . t 
^ ^ 64 sin 15° _ 

“W3 


- 8V3 
1*2 sec. 
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64 

The horizontal velocity is — ^ ft. /sec. and the horizontal distance in 
8 sin I 5® 

time 7 sec. is 

v3 

64 X 8 sin 1 5® r. 

76 

The range up the plane is obtained by multiplying this by sec 30®, 
2 

or — , 

V3 

range up the plane 

64 X 8 sin 15® 2 ^ r. , 

= Ji ^ X — = 62-5 ft. nearly. 

Vb V 3 

(ii) The component of velocity perpendicular to the plane is 64 sin 75°. 
The time of flight is given by 

o = 64 sin 75® — 81/3 

= 4*5 sec. nearly. 

64 

The horizontal velocity is — ft. /sec. and the horizontal distance in 

.. 8 ™ 75 - . 

time 7 -- - - sec. is 

Vs 


64 X 8 sin 75° 


V6 


ft.. 


the range down the plane is 


64 X 8 sin 75® ^ 2 
V6 V3' 

= 233 ft. nearly. 


Example (iii): 

Show that for a given velocity of projection, the maximum range down an 
inclined plane of inclination ol is greater than that up the plane in the ratio 

I + sin a 
I -- sin a’ 



Let u be the given velocity of projection and 9 the angle the direction 
of projection makes with the plane. 
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When projected up the plane from A (Fig. 8 i) the time of flight is 
given by 

o = w sin 6 . t — Jg cos a . 

2 U sin 0 


t 

g cos a 

The range up the plane is 
ZH sin 


g cos a 


. u cos (^ + a) . sec a 


2 M* sin 0 cos (^4 a) 


g cos* a 

This is a maximum when sin ( 2 ^ 4 - a 


g cos* a 

[sin (2 0 4 - a) — sin a]. 

I, and then 


range — 


_(i — sin a). 

* n 


g cos* a 

When projected down the plane from B at the same angle to the 
plane the time of flight has the same value 

zu sin 0 
g cos a 

The horizontal velocity is now, however, u cos (0 — a), the horizontal 

. ... 2 « sin 0 . 2 M* sin 0 cos (0 — a) 

distance in time is i 1 , 

g cos a g cos a 

and the range down the plane is 

2 w* sin 0 cos (0 - a) m* 


g cos* a 


g cos* a 


[sin (2 0 — ol) 4 “' i»in a]. 


This is a maximum when sin (2 0 ~ a) — i, and then 

range = ^(i 4- sin a). 

g cos* a 

Hence the ratio of the maximum ranges down and up the plane is 

I 4- sin a 
I — sin a’ 

Example (iv). 

If and be the two times of flight on an inclined plane through the 
point of projection corresponding to any given range short of the greatest, 
and a the inclination of the plane, prove that 


-f ^ 2 * + sin a 


is independent of cl, the velocity of projection being given. 

Let V be the velocity of projection, and 0 the inclination of the initial 
direction to the plane. 

The velocity perpendicular to the plane is F sin 0 , and the time of 
flight t, is given by 

o — F sin 0 . f — Jg cos a . F . . • (i) 

The velocity parallel to the plane is F cos 0 , the acceleration down the 
plane is g sin a, and the range in time t is 

i? = F cos 0 . f — Jg sin a . /• (ii) 
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From (i) and (ii), V saw B ,i = \g cos a . 

V cos B , t — R sin a . 


Squaring and adding, 
I 


K*/» = sin a . <» + t\ 

4 


-f- i*(gR sin a — F*) + ~ o. 


This is a quadratic in and if /j*, arc its roots, 

-f = 


g 

^ • 
g 


4R . , 4F* 

^ sm a T - — , 




*. /i* T /a* -f a sin a -f til sin a, 

^ g* g 

= , and is independent of a. 


EXAMPLES XXV. 

1. A particle is projected with a velocity of 300 ft. /sec. at an elevation 
of 60® from the foot of a plane of inclination 30°. The motion being 
in the vertical plane through a line of greatest slope of the plane, 
find the range on the plane and the time of flight. 

2. A particle is projected with a velocity of 1280 ft. /sec. at an elevation 
of 75°. Find the range on a plane of inclination 45° when the par- 
ticle is projected (i) up, (ii) down, the plane. 

3. A particle is projected from a point on a plane of inclination 30° with 
a velocity of 4000 cm. /sec. at right angles to the plane. Find its 
range on the plane. 

4. The greatest range, with a given velocity of projection, on a hori- 
zontal plane is 3000 metres. Find the greatest ranges up and down 
a plane inclined at 30° to the horizon. 

5. A bullet is fired from the foot of an inclined plane with velocity 2000 
ft. /sec. at an elevation of 60°. Find the range if the inclination of 
the plame is (i) 30°, (ii) 45®. Find also the maximum ranges which 
can be obtained on these planes with the given initial velocity. 

6. Show that the range up a plane of inclination p through the point 

of projection of a projectile fired at an elevation a relative to the plane 
is R sec p{i — tan a tan P) where R is the range on a horizontal 
plane, the relative elevation a, and the velocity of projection being 
the same. (I S.) 

7. A heavy particle is projected from a point on an inclined plane, in- 
clined at 2 to the vertical, and moves towards the upper part of the 
plane in the vertical plane through a line of greatest slope of the 
inclined plane : the initial velocity of the particle is u cos p and its 
initial direction of motion is inclined at p to the vertical. Prove that 
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u ii* 

the time of flight of the particle is — , its range on the plane is 

the velocity with which it strikes the plane is u sin p, and its direction 
of motion has then turned through a right angle. (H.C.) 


8. A particle is projected with speed u so as to strike at right angles a 
plane through the point of projection inclined at 30° to the horizon. 
Show that the range on this inclined plane is 


9 - 


10. 


II. 



A particle is projected with velocity V at an elevation a on a line 
through the point of projection making an angle p with the horizon. 
Prove that during the flight the direction of motion of the particle 
turns through an angle whose cotangent is 

i cos p sec a cosec {a — p) — tan a (I. A.) 

A projectile is to pass through a point whose angular elevation from 
the point of projection is 6 , and at that point to impinge perpen- 
dicularly on an inclined plane of slope p to the horizontal. Show 
that the angle of elevation a at which it must be projected is given 
by 

tan a = cot p 2 tan 6. (H.C.) 

If R is the maximum range on an inclined plane through the point 
of projection of a particle, and T the corresponding time of flight, 
show that 

R^ig r*. (H.C.) 


12. A shot is fired from a gun in a horizontal direction with a velocity of 
1000 ft. /sec. The gun is on the side of a hill of inclination tan~‘ | 
to the horizontal. Find how far along the hill the shot will strike, 
and determine its velocity then in magnitude and direction. (I.C.) 

13. A particle is projected with a velocity of 1600 feet per sec., at an 

elevation of 30°, from a point on the side of a hill inclined at 30® 
below the horizontal. Find the range measured along the side of 
the hill, and the time of flight. (I C.) 

14. Find the range on an incline a of a shot fired with velocity V from 
a point on it at an elevation a -j- ^ so as to move in a vertical plane 
through a line of greatest slope. 

If the shot hits the slope horizontally, show that 


tan $ “ 


sin a cos a 

I -f sin* a ‘ 


(C.W.B.) 


§ 140 . Example (i). 

A particle is projected with a velocity whose horizontal and vertical 
components are u, v, so as to pass through a point whose horizontal and 
vertical distances from the point of projection are h, k. Prove that 
2U*k -f gh* =* 2 uvh. 

A particle is projected so as to pass through two points whose horizontal 
and vertical distances from the point of projection are (36, ii) and (72, 14) 
feet. 

Find the velocity and direction of projection. (I.S.) 

The time taken to describe a horizontal distance A is 

H 
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In time - the vertical height is h. 
u 

L A , A* 

•••A = v~ - 

2U^k gh^ = 2 uvh. 

If = 36, ^ = II, 2«* . II -f 32 . 36* == 2UV . 36 

If A = 72, A =* 14, 2U* . 14 -j- 32 . 72* = 2UV . 72 

Multiplying (i) by 2, 2fi* . 22 4* 64 . 36* = 2uv . 72, 

2t4*(22 — 14) 4 “ 32 X 36*(2 -- 4) = O. 
i6tt* = 64 X 36*, 

... 14 = 72 ft. /sec. 

Substituting for u in (i) we get 

v = 30 ft. /sec. 

The velocity of projection is 

4“ = ^72* 4- 30* =» 78 ft. /sec. 

The inclination to the horizontal is 


V 

tan-^ - 
u 


30 

72 


tan ■* ^ 


12 


(i) 

(ii) 


Example (ii). 

A ball thrown from a point P with velocity V, at an inclination a 
to the horizontal, reaches a point Q after t seconds. Find the horizontal 
and vertical distances of Q from P, and show that if PQ is inclined at 0 
horizontal the direction of motion of the ball when at Q is inclined 
horizontal at an angle tan '■^(2 tan 0 — tan a). (I.E.) 

;r, y be the horizontal and vertical distances of Q from P 

X V cos a . t, 
y F sin a . f — \gt^. 

M, 1; be the horizontal and vertical components of velocity when 

14 = F cos a, 
t/ = F sin a — gt, 

r. y • 

tan fl = - = tana - 

The direction of motion at Q is inclined to the horizontal at 
tan->^ = tan-«(tan a - y^^). 
gt 

= 2 tan a — 2 tan 

cos a 

V 

tan“‘ - == tan-^ (tan a — 2 tan a 4- 2 tan 0), 

= tan-' (2 tan 0 — tan a). 


to the 
to the 
If 


If 
at Q 


Now 


but 
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EXAMPLES XX VI. 

1. Show that if two particles are simultaneously projected from the 

same point, the direction of the line joining them is unaltered 
throughout the motion. (I A.) 

2. A gun is fired from the top of a cliff of height h, and the shot attains 
a maximum height of (h -f above sea-level and strikes the sea 
at a distance a from the foot of the cliff. Prove that the angle of 
elevation of the gun is given by the equation 

a* tan* a — 4ab tan a — 46A — o (I E ) 

3. A projectile, starting from A, passes through B and C. If the hori- 

zontal and vertical distances of B from A are a, b respectively, and 
AC is horizontal and equal to c, find the angle of elevation and the 
greatest height reached by the projectile. (Ex.) 

4. A rifle is sighted to hit a mark on a level with the muzzle at an 
estimated distance of 1200 yards. If the muzzle velocity of the 
bullet is 1800 ft. /sec., find the direction in which the rifle must be 
pointed. 

If the true distance of the mark is 1150 yards, find how high 
above the mark the bullet will pass. (H.S.D.) 

5. If, with the same velocity of projection, the range of a projectile is 

half the greatest range, show that there are two possible angles of 
projection and find them. Compare the greatest height reached in 
these two possible paths. (H.S.D.) 

6. A particle is projected from a point at a height 3A above a horizontal 
plane, the direction of projection making an angle a with the horizon. 
Show that, if the greatest height above the point of projection is 
h, the horizontal distance travelled before striking the plane is 

6 h cot a. (I*S.) 

7. Two shells are projected simultaneously from the same point with 
the same initial velocity so as to move in the same vertical plane, 
their initial directions of motion making angles a and a' respectively 
with the horizontal. Prove that the shells move so that the line 
joining them makes the same constant angle 

« 4- g ' 

2 

with the vertical. (I E.) 

8. A projectile is thrown over a double inclined plane from one end of 
the horizontal base to the other, and just grazes the summit in its 
flight. Taking the motion to be in a vertical plane through the line 
of greatest slope, prove that the angle of projection is 

tan-^ (tan a -f- tan P), 

where a, p are the slopes of the faces. (I-S.) 

9. A particle is projected from a point A, and is viewed from a point B 

of its path,, against the verticid through A : show that the particle 
appears to rise along this vertical at a uniform rate ^ gt^, where 
is the time taken by the particle to reach B. (H.C.) 

10. A ball is projected so as just to clear two walls, the first of height a 
at distance b from the point of projection, and the second of height 
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6 at a distance a from the point of projection. Show that the range 
on a horizontal plane is 

a* + a6 + b* 
a h 


and that the angle of projection exceeds tan-^ 3. (Ex.) 

ir. Two particles A and B are projected simultaneously in the same 
vertical plane from the same point with the same speed but in per- 
pendicular directions. Prove that, as long as they are both in motion, 
the line joining them moves parallel to itself and the distance between 
them increases at a constant rate. Prove also that, if A reaches the 
ground first, B has then travelled a horizontal distance equal to 
4 times the greatest height of A. (H.S.D.) 

12. Two particles are projected simultaneously from the two points 
A and B (which are not in the same horizontal line) with the same 
initial velocity V and at the same inclination a to the horizon, so 
as to move towards each other. Prove that their distance from 
each other will be a minimum after a time 


2 V cos a 


14 - 


15 - 


w^here h is the horizontal distance between their points of projection. 
Prove also that this minimum distance will be k, where k is the initial 
difference of their vertical heights. (H.S.D.) 

Two particles are projected simultaneously with the same speed V 
in the same vertical plane, but at different inclinations 6 ^, 0 ^. 
Prove that their velocities are parallel after a time 

V 


cos , 


g 


+ 


2 ' (H.S.D.) 

A projectile is aimed at a mark on a horizontal plane through the 
point of projection and falls 20 feet short when its elevation is 30® 
but overshoots the mark by 30 feet when its elevation is 45°. Show 
that the correct elevation is about 33° 26'. (LE.) 

If a man were projected from the earth with velocity V and elevation 
a and if at the same instant a stone were projected with the same 
velocity but elevation show that the stone would appear to the 
man to be travelling with constant velocity in a certain fixed 
direction. 

Show further that if — a — 60° the apparent velocity of the 
stone would be V, (I.E.) 


16. If the minimum kinetic energy of a projectile during its flight is i 

of its initial value, prove that the direction of projection makes an 
angle sec~^ n\ with the horizontal. 

Prove that the curve obtained by plotting the kinetic energy 
against the time is a parabola. (N.U.3) 

17. Show that it is not possible for a body to be projected from a point 

A so as to pass through another point B unless the speed of pro- 
jection is'isuch that if the particle were projected vertically it would 
rise to a height at least J(AB + BN), where BN is the perpendicular 
from B on the horizontal plane through A. (N.U.4) 
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§ 141. The Path of a ProjectQe (neglectmg air resistance] is 
a Parabola. 



Let i#, a be the velocity and angle of projection from P (Fig. 82). 
Taking PX horizontal and PY vertical as co-ordinate axes, we have, 
after time t, 


X = UCOSOL . I . 

y = « sin a . f . 

Substituting for i in (ii). 


y == ^ tan a 


gx^ 


cos* a 


(i) 

(ii) 


(iii) - 


This equation represents a parabola with its axis vertical. 
When y — o, equation (iii) gives 

2 t#* sin a cos a 
^ = o, or % = . 

g 

The first of these values corresponds to P, and the second to 
P' where PP' is the horizontal range, 

§ 142. 



Fig. 83. 


We can obtain the equation of the path in a simpler form by 
taking the horizontal and vertical through the highest point A 
(Fig- S3) as axes. We know that the horizontal and vertical velo- 
cities at A are M cos a, and zero. 



PROJECTILES. PARABOLIC PATH 


201 


Hence in time if x is measured vertically downwards, and 
y horizontally, 

V = w cos a . 

ey* 




2w* cos* a ' 




2u^ co s* g 
i 


. X, 


This represents a parabola with vertex at A and axis AB vertical. 

j. , . ^ cos* a 

Its latus rectum is 


If S is the focus, 


AS: 


g 


cos* a 


2? 


The directrix HXH' is horizontal and at a height 
above A. 

w* sin* a 


w* cos* a 
2^ 


The height of A above P is 


^g 


the height of the directrix above P is 

w* cos* a ^ sin* a _ «* 

2g 2g 2g 

This shows that the height of the directrix above the point of 
projection depends only on the initial velocity, it is the same for all 
possible paths with this particular velocity. 

We see also that the height of the directrix above the point of 
projection is the height to which the particle would rise if projected 
vertically upwards. 

The vertical velocity at a point Q is given by 


v* =r u* sm* a 


2g . QM. 


the horizontal velocity is u cos a, 

the resultant velocity at Q is Vw* — 2 g . QM.w- 

The velocity acquired by falling to Q from the directrix, a 


height of 




QM 


IS 


V “ 2g . QM. 


The velocity at any point is therefore equal to the velocity 
acquired by falling freely from the directrix to that point. It should 

COS* OC 

be noticed that the latus rectum depends only on the 


horizontal velocity. 


g 
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§ 14 B. To shoxv how to project a particle with given velocity u from 
one given point P to pass through another given point Q, 



Fig, 84. 

Let HK (Fig. 84) bo the common directrix for paths from P 
with the given velocity u, and let PH, QK be perpendicular to HK. 

HK is at a height — above P. 

2 g 

With centres P, Q and radii PH, QK describe circles. 

If these circles cut at S and S', these points are the foci of the 
two possible paths from P to Q. 

For, SP - PH, and SQ - QK. 

Similarly for S'. 

Now the tangent to the path at P is the required direction of 
projection, and we know that the tangent to a parabola at any 
point P bisects the angle betw^een the line joining P to the focus 
and the perpendicular from P on the directrix. 

Hence the required directions of projection bisect the angles 
SPH and S'PH. 

We also see that there are, in general, two possible directions 
of projection. 

If the circles touch (instead of cutting), their point of contact 
will be a point S in PQ (Fig. 85), and in this case there is only one 



Fig. 85. 


possible path from P to Q with the given velocity of projection, 
and its focus is at S. In this case the particle can just reach Q. 

The range on the line PO is thus a maximum for the given 
velocity of projection, and we see that the direction of projection 
bisects SPH, i.e. it bisects the angle between PQ and the vertical. 
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Thi$ is the result already obtained in determining the maximum 
range on an inclined plane. 

If the circles do not meet ‘it is impossible to project a particle 
from P to Q with the given initial velocity. 


144. The Bounding Parabola. 

We can easily find the locus of all points Q which can just be 
readied by projecting a particle from P with given velocity u. 



Fig. 86. 


Let HK (Fig. 86) be the common directrix for all paths from P 
with velocity 

If Q is one of the points which can just be reached, we have 
seen that the focus of the path is at S, where PS — PH and QS “QK. 

Draw H'K' horizontal, and at a height above HK equal to PH. 
Then QK' - OK + KK' - QS + HH' - QS + PH - QS + SP 
= PQ. 


Q lies on a parabola having P as focus and H'K' as directrix. 
The vertex of this parabola is obviously at H, and its latus rectum 

r»TT 

IS aPH or — . 

g 

If referred to HP and HK as axes of x and y, its equation is 


_ 

T 


X. 


A particle projected from P with velocity u can reach any point 
within or on this curve, which is therefore called the bounding para- 
bola. 

We may use this curve to find the maximum range on any plane. 
For, suppose we want the maximum range on a horizontal plane 
at a depth h below P. The depth below H is 


and the equation ot the horizontal line at this depth is 


• ^ 
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This cuts the parabola 
where 




2i<* 

T 


X, 



145. Motion on the Surface of a Smooth Incdined Plane. 


D C 



Suppose a particle projected with velocity u on the surface of 
a smooth inclined plane ABCD (Fig. 87) of slope in a direction 
inclined at an angle a to the line of greatest slope of the plane. 

The acceleration due to gravity has components g sin ^ in the 
direction of the line of greatest slope of the plane, and g cos per- 
pendicular to the plane. 

The latter is destroyed by the reaction of the plane, so that 
the particle moves with an acceleration g sin parallel to the line of 
greatest slope. 

The motion relative to the plane is therefore the same as in 
paragraph 132 if we use g sin p for the acceleration instead of g. 


Example. 

A particle is projected up an inclined plane (of slope 30®) at an angle 
of 30® with the line of greatest slope, with initial velocity V. Write down 
the equations of motion and find the equation of the path on the plane, and 
its distance from the starting-point when it again reaches that level. 

Taking the horizontal line and the line of greatest slope through 
the starting-point as axes of x and y, then at time t, 

X r=z K sin 30® , t, (i) 

y == F cos 30® . t — ig sin 30® . . . . (ii) 

These are the equations of motion, and substituting the value of 
t obtained from (i) in (ii), 

g X* 

>- = ^cot3o»-^..pril5T3^, 

or y= V3X- 

and this is the equation of the path. 

gx* .. 

Vi F* 
r » o or XAJL . 


When y s= o. 
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The latter is the distance from the starting-point when it again 
reaches that level. 

§ 146 . The following examples are of a rather more difficult 
nature : — 

Example (i). 

Show that the magnitude of the velocity of a projected particle at any 
point of its path is that which would result from falling freely under gravity 
from a certain fixed line. A projectile is fired from a point A on a hori- 
zontal plane. If t is the time from A to any point P of its path, and t -j- t' 
the whole time of flighty show that the height of P is ^gtt'. (H.S.C.) 

Let u and a be the velocity and angle of projection. At a height h 
the horizontal and vertical components of velocity and v^ are given 
by 

== u* COS* a, 

sin* a — 2gh. 

If V is the resultant velocity at this height 
K = Vw* — 2 gh. 

Now the velocity acquired by falling from height x to height h is 
V 2g{x — h) = y/zgx — 2gh, 


and this is the same as K if 


2gx = «*, 


Hence the velocity at any height is equal to that acquired by falling 
to that height from a fixed line at height 


above the point of projection. 

The whole time of flight T is given by 


o = « sin a . r — JgJ*, 


tA-t' - 


If h is the height of P, 


u sin a . f — \gt^, 

f (< + n 


* = kgt* + \gtt' 


but 
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Example (ii). 

A tennis ball is projected from a point whose height above the ground 
is h feet, and which is a horizontal distance a from the net which is also 
of height h. The direction of projection makes an angle a with the hori- 
zontal, and is in a vertical plane perpendicular to the net. If the ball 
strikes the ground loithin a distance b on the other side of the net, show 
that for a given value of a the velocity of projectum must lie between two 
limits, and that in order that this may he possible tan a must exceed the 
value 

hr 

If M is the velocity of projection, the time taken to reach the net is 


Now at this time the ball must be at least h feet from the ground, 
or on a level with its point of projection in order to get over the net. 


u sin a . 


a tan a — 


u cos a 
ga 


g 

2 * COS* a 


<f: o, 


— i* 5— o, 

COS* a ^ 


(i) 


or w* < 

^ 2 sin a COS a. 

If t is the time taken to reach the ground 

— h — u sin OL . t — igt^, 

. — 2U sin (X . t — 2h = o, 

u sin a -f y'w* sin* a -f 2gh 
^ ^ 

The horizontal distance described in this time must not be greater 
than a -f 


M* sin a cos a -f w cos a sin* a + 2gh ^ g{a -j- 6 ), 

.‘.u* sin* a cos* a -f 2 «* cos* a . gA > g*(a -f 6)* -f sin* a cos* a 

~ 2gu* sin a cos a . (a -f- 6 ) , 
2U*g cos 0L[h cos a (a T b) sin cx] > g*(a + ^;)*, 

. . (ii) 

2 cos a[A cos a -f- (« + 6 ) sin a] 

Now a will be a minimum when u has the maximum value given 
by (ii), also, as above. 


a tan a << 


ga* 

2 w* cos* a' 


a tan a < cos a -}- (g + sin a] 

cos* a{a + 6)* 

(a + 6)* sin a < aA cos a + a(a -f b) sin a, 
(ab + b^) tan a < ah, 
ah 


tan a < 


b{a -f 6 )* 
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Example (iii). 

A particle on a smooth plane, of inclination ol, is distant a from a 
small hole in the plane, on a higher level than the hole, in a direction in- 
clined at /3 to the line of greatest slope. If the particle is projected along 
the plane with velocity v so as to fall into the hole, show that the time t 
is given by the equation 

g* sin^ cc . t^ — 4(v* ag sin a coo p)t^ + 4a* — o. 

But if the particle is projected into the air with the same velocity v so 
as to fall into the hole, the time t is given by 

gH* — 4(i>* 4- ag sin a cos -f 4a® = o. (Ex.) 

A 



Let A (Fig. 88) represent the point of projection, B the hole, AC 
the line of greatest slope, CB being horizontal and D the projection of 
A on the horizontal plane through CB. 

The co-ordinates of B referred to the horizontal line through A and 
the line of greatest slope are a sin jS, and — a cos )3. 

If 0 is the angle to the horizontal line through A at which the par- 
ticle is projected, then since the acceleration down AC is g sin a, 
a sin p — V cos 0 . t, 

— a cos p = V sin ^ sin a . t*, 

V cos 0 . t — a sin p, 

V sin 0 . t = — a cos P -i- ig sin a . t^. 


Squaring and adding, 

vH'^ = a^ sin* p -f- a* cx^s- p - sin* ol . t* — ag sin a cos p . t^, 

4 

g* sin* OL . t^ — 4{v* -f ag sin a cos P)t^ 4- 4a* = o. 


The horizontal and vertical distances of B from A are DB and AD, 
also AD = AC sin <x — a cos p sin a, 

DB* = AB* — AD* = a^ — a* cos* P sin* a. 

If ^ is now the angle of projection to the horizontal plane 

DB = V cos 0 . t, 

— a cos p sin ol — v sin 0 . t — Igt^, 

V cos 0 ,t ^ DB, 

a 

V sin 0 , t — — a cos psm a -f - t^, 

2 

fft 

v*/* = a* — a* cos* j9sin*a + a* cos* /3sin*a -f A- — a^sin a cos p . /*. 

4 

4^*/* = 4a* -j- gH* — 4ag sin a cos p . /*, 
gH* — 4(1;* 4- ag sin a cos p)t* -f- 4a* = o. 
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Example (iv). 

A particle is projected with velocity V from a point whose perpendicular 
distance from an inclined plane of slope a is h, in a direction making an 
angle 0 with the line of greatest slope and in the same vertical plane with it. 
If the particle strikes the plane perpendicularly, prove that 

tan* 6 H — = — : — tan 0 4- ( i 1 ) = o* 

gh Sin a \ 2gh sm* cl/ 


it being assumed that the whole motion takes place in the vertical plane 
containing the point from which the particle is projected. Prove also that 
in order that it may he possible for the particle to strike the plane perpen- 
dicularly, V* must he greater than 

gh (V ^ ~ 3 cos* a — cos a) . 

The velocity perpendicular to the plane is V sin B. 

The time of flight t is given by 

— A = F sin ^ — Jg cos a . /• . • (i) 

Since the particle strikes the plane perpendicularly, it must have 
lost all velocity parallel to the plane. 

Now the initial velocity parallel to the plane is F cos 0, and the 
acceleration down the plane is g sin a, 

o = F cos ^ ^ sin a . 

/ — ^ 
g sin a * 

Substituting this value for t in equation (i), 


- A = 


F* sin 0 cos 0 


h sec* 0 -f” 


g sin a 
F* 


F* cos* 0 cos a 


g sin a 

F* 

tan* ^ -f I 4- 


tan 0 — 


g* sin* a 
cos a 


gh sin a 


tan 0 — 


F* _ 

2g ‘ sin* a 
F* cos a 


o, 


o. 


tan* 0 4” 


F* 


2gh sin* a 

, /j , / F* cos a \ 

tan ^ 4- I I r - ~ o. 

V 2gh sin* a/ 


gh sin a 

If this relation is possible the value of tan 0 must be real, 
F* ^ 4 F* cos a 


g*h* sin* a 

F* 


> 4 


2gh sin* CL* 


g*h* sin* CL~ gh sin* a 


, 2 F* cos a ^ 

+ — -rrr > 4* 


... + 

\gh sin a sin clJ 


> 


cos* a 
Sin* a 
4 — 3 cos* a 
sin* a * 


F* cos tt ^ V4 — 3 cos* a 

gh sin a sin a sin a 

F* > ^A[V4 — 3 cos* a cos a]. 
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EXAMPLES XXVIL 


I. A and B are two points, such that the co-ordinates of B referred to 
A as origin, the axis of x being horizontal in the vertical plane through 
AB and the axis of y being the upward-drawn vertical, are a and h. 
It is required to project a particle from A to pass- through B, the 
magnitude of the velocity of projection being F. Show that this is 
impossible if F* is less than 

gip + Va* + 6*), 

but that, if 

F^ > f- b‘^) 


there are two possible directions of projection. 


(H.C.) 


2 . 


A projectile is aimed with velocity w at a vertical wall whose dis- 
tance from the point of projection is a. Prove that the greatest 
height above the level of the point of projection at which the pro- 
jectile can hit the wall is 




(H.C.) 


3. A shot fired at an object a feet distance from the gun and on the 

same level, goes h feet beyond the object when the elevation of the 
gun is a. Find an expression for the change in elevation required to 
hit the object. The resistance of the air is to be neglected. If 
a is small, find the simplest approximate expression for the required 
change of angle, and calculate the change when a — 2^5', a = 5280, 
h == 720. (Ex) 

4. A particle is projected along a smooth straight tube of length I and 
inclination a from the lower end with velocity w, more than sufficient 
to carry it right through the tube. Find the length of the latus 
rectum of the parabolic path described by the particle after leaving 
the tube, and the equation of the path referred to the upper end of 
the tube as origin. 

Compare the greatest height to which the particle rises with that 
to which it would have risen if the tube had been of infinitesimally 
small length. (Ex.) 

5. A particle is projected under gravity along the face of a smooth 
inclined plane from a given point at its foot, with varying velocity 
and direction so as just to reach the top of the plane. If I is the 
length of the face along the line of greatest slope, and a its inclination 
to the horizon, show that the time taken to reach the top is the same 
for all paths and equal to 

( 4 ^)*. 

\g sm a/ 


Show also that the locus of the focus of the path is a parabola of 
latus rectum 4/. (H.S.C.) 

6. A particle is projected with velocity Vzga from a point at a height 
h above a level plain . Show that the tangent of the angle of elevation 
for maximum range on the plain is 

and that the maximum range is 2 Va{a + h). 

VOL. I. 


(C.S.) 
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7. A particle is projected with a velocity whose horizontal and vertical 
components are u and v. Show that if it rises higher than h above 
the plane of projection it will be at a height h at two points of its 
path, the distance between which is 


8 . 


If two particles are projected from a point at the same instant 
with velocities whose horizontal and vertical components are Mj, v, 
and i'jj respectively, show that the interval between their passing 
through the other common point of their paths is 


2 (^ 1^2 — u^v^) 


(C.S.; 


g{u, + «,) 

Two vertical posts of heights a, h stand on level ground at a distance 
c apart ; a stone is projected from the ground level with the least 
possible velocity consistent with its just clearing the two posts. 

Prove the latus rectum of this parabolic trajectory is ^ where 
(l^ — — by -\- and that the range on the ground level is 

c[d^ -f 2(a 4- h)d 4- (a — 

- . 


(C.S.) 


9 


II. 


A shot is fired with initial velocity V at a mark in the same horizontal 
plane ; show that if a small error is made in the angle of elevation 
and an error of 2€° in azimuth, the shot will strike the ground at a 
distance from the mark 

90g' 


Show also that if the angle of elevation is less than about 31 
an error in elevation will cause the shot to miss the mark by a greater 
amount than an equal error in azimuth. (C.S.) 

A particle is projected with a given velocity v from the foot of an 
inclined plane of slope a. The direction of projection lies in a plane 
containing the line of greatest slope and makes an angle B with the 
face of the plane. Prove that if the particle strikes the plane per- 
pendicularly cot B ~ 2 tan a. 

Show that, for different values of a, the range on the plane when 
the particle strikes it perpendicularly cannot be greater than 


gVi 


(C.S.) 


A particle is projected with velocity u at an elevation a. Show that 
u 

after a time ~ cosec a its direction will be at right angles to its 

direction of projection, and that its distance from the point of 
projection will be equal to that below a horizontal line at a height 


g 


above the point of projection. 


(C.S.; 


A stone is projected from a point P on the ground over a house so as 
just to clear the top of the walls and the ridge of the roof : the breadth 
of the house is 2a, the height of each wall is /, and the height of the 
ridge is h -f /. Find the position of P and the velocity of pro- 
jection. (C.S.) 
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13. Prove that if the difference in level between two points A and B is 
L, the velocity of projection from A in order that B may be just 
within range of A is 

Vg{AB ± L) 

according as B is above or below A. (C.S.) 

14. Show that all points in a vertical plane, which can be reached by 
shots fired with velocity v from a fixed point at a distance c from the 

21 '^ 

plane, lie within a parabola of latiis rectum — whose focus is at 
a distance vertically below the foot of the perpendicular on the 

plane from the point of projection. (C.S.) 

15. A fort is on the edge of a cliff of height k. Show that there is an 

annular region in which the fort is out of range of a ship, but the 
ship is not out of range of the fort, of area Snkh, where V 2gk is the 
velocity of the shells used by both. (C.S.) 

/16. A gun fires a shell with a muzzle velocity of 1040 feet per second. 
Neglecting the resistance of the air, what is the furthest horizontal 
distance at which an aeroplane at a height of 2500 feet can be hit 
and what gun elevation is required ? Show that the shell would 
then take approximately 44-2 seconds to reach the aeroplane. (C.S.) 

17. A ball is dropped from the top of a tower 100 feet high. At the 

same instant a ball of equal mass is thrown from a point on the ground 
50 feet from the foot of the tower so as to strike the first ball when 
just half-way down. Find the initial velocity and the direction of 
projection of the second ball. If the two balls coalesce, how long will 
they take to reach the ground ? (C.S.) 

18. Particles are projected simultaneously from a point under gravity 

in various directions with velocity F. Prove that at any subse- 
quent time t they will all lie on a sphere of radius Vt, and determine 

the motion of the centre of this sphere. (C.S.) 

19. Show that all the points in a vertical plane which can be reached 

by a projectile thrown from a given origin in the plane with given 
velocity lie within or on a parabola, and show that this parabola 
touches all the trajectories. 

Prove that the time to reach a point on the enveloping parabola 
at a distance r from the origin is 

Vf (C.S.) 


§ 147 . The following examples involve impacts of projected 
particles : — 




XAMPLE (i). 


A hall is thrown from a point distant a from a smooth vertical wall against 
the wall, and returns to the point of projection. Prove that the velocity 
u of projection and the elevation a of projection are connected by the equation 

w* sin 2a = ag(^ -f 


where e is the coefficient of restitution between the ball and the wall. 
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Since the wall is smooth the vertical motion is unaffected by the 
impact, i.e. the time of flight is still 

2U sin a 

The ball approaches the wall with horizontal velocity u cos a, and 
rebounds with horizontal velocity eu cos a. 

Hence the times taken to reach the wall and rebound a horizontal 
a a 

distance a are and respectively, 

u cos a eu cos a 

2 W sin a 
* * 1 
2 M sin a 

‘ ’ 

sin 2 a == ag[i -f -)• 
e 


u cos eu cos a’ 

+ g) 
eu cos (X* 


Example (ii). 

A particle projected from a point on a smooth inclined plane at the 
rth impact strikes the plane normally, and at the nth impact is at the point 
of projection. If e is the coefficient of restitution, prove that 

en __ 2 ^’* -f I = o. (C.S.) 

Let a be the inclination of the plane, Q the angle between the direc- 
tion of projection and the plane, v the velocity of projection. 

Consider the motion perpendicular to the plane. 

The time to the first impact is 

2 V sin d 
g cos a 


The particle reaches the plane again with the same normal velocity 
V sin 0, and rebounds with velocity ev sin 0. At the second impact it 
rebounds with normal velocity e*v sin 0, and so on. 

Hence the time T to the rth impact is given by 


2v Sin 0, 

I 

g cos a 


-f . - . -f = 


2V sin 0 
g cos a 


i — 

1 — e ' 


The time T' to the nth impact is given by 
T' — ^ I — 

g cos a ’ * 

Now coiisider the motion parallel to the plane. 

After time T the particle has lost all the velocity parallel to the plane. 
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After time T' its distance up the plane from the point of projection 
is zero, 

... o = t; cos B .T* — \g sin a . T'*, 

2v cos B 


T' == 
T' 

I __ 


g Sin a 

2 r, 

1 — 


e 


i — e 


= 2 — ze^, 
— 26 ^ -[- 1 = 0 . 


EXAMPLES XXVIII. 


I. A particle of mass m is projected with velocity v at an angle a to the 
horizontal, and at the same instant a particle of mass 3w is dropped 

V* sin* a . sin a cos a . 

from a height , at a horizontal distance of from 

the point of projection of the first particle. Show that the particles 
will collide. If the particles now coalesce, find the position of the 
point at which the particles strike the ground, and the time which 
elapses before they reach it. (I E ) 


2 . 


A particle is projected in a vertical plane perpendicular to a smooth 
w^l so as to return to the point of projection after striking the wall. 
Show that the angle between the direction of projection and the 
horizontal is given by 


tan 0 


egt^ 

2a{i e)* 


where t is the time of flight, a the distance from the wall of the point 
of projection, and e the coefficient of restitution. (H.S.C.) 

3. A body slides from rest down a smooth plane of length I and inclina- 

tion a, and at the bottom impinges on a smooth horizontal plane ; 
show that the range on the horizontal plane after the first rebound 
is 2el sin a sin 2a, where e is the coefficient of restitution between 
the body and the horizontal plane. (I A.) 

4. A mass of 10 oz. moving horizontally at a point A, 56 feet above the 

ground with a velocity of 44 ft. /sec., is struck at A by a mass of i oz. 
moving vertically upwards with a velocity of 550 ft. /sec., and the 
two masses unite ; find the position of the point at which- the com- 
bined mass strikes the ground. (I- A.) 


5. From a point distant a from a smooth wall a particle, whose initial 
height above the ground is h, is projected with horizontal velocity 

llh 

u towards the wall. If a < show that the particle strikes 

the ground at a point distant e from the wall, e being 

the coefficient of restitution between the wall and the particle. 

VOL. I. — 8 (H.S.D.) 
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6. A ball is thrown with a speed of 64 ft. /sec. at an angle of elevation of 

45°. It strikes a vertical wall 32 feet away and returns to the point 
of projection. Find the coefficient of restitution between the ball 
and the wall. (H.S.D.) 

7. An elastic particle is projected with velocity u, at an inclination to 
the horizontal, from a point on the ground distant a from a smooth 
vertical wall towards the wall. Prove that, after rebounding from 
the wall, it can strike the ground again at a point further from the 
wall than the point of projection if 

o I e 

-7 — ag, 

where e is the coefficient of restitution. 

8. A particle is dropped from a height h on to a smooth and perfectly 

elastic inclined plane and rebounds. Find how far down the plane 
is its next point of impact. (H.S.C.) 

9. Find the maximum range on a plane, inclined at an angle a to the 
horizontal of a particle projected with velocity u from the lowest 
point of the plane in a vertical plane through a line of greatest slope 
of the plane. Find also the maximum range that can be obtained 
at the end of the second impact on the plane after rebounding, the 
coefficient of restitution between the plane and the particle being e. 

(H.S.C.) 

10. A particle is dropped from a vertical height a upon the highest 
point of a plane, of length b and inclination a, and reaches the bottom 
at the fourth impact. Show that 

b — 4ac(i -f <?)(i -f ^*)(i e e^) sin a, 
where e is the coefficient of -restitution. 

11. A particle is projected from the foot of a plane of inclination a in a 
direction making an angle 6 with the plane, and at the wth impact 
rebounds vertically, show that 

cos (a -f 0) — sin 0sin a ^^“(1 - c"), 

where e is the coefficient of restitution. 

12. A ball is projected from the ground at an angle a to the horizontal 
and rebounds from a smooth vertical wall to the point of projection. 
If the line joining the point of projection to the point of impact 
makes an angle 0 with the horizontal, prove that. 

(i -f- e) tan 6 ~ tan a, 
where e is the coefficient of restitution. 

13. In a certain game a ball is rolled along a horizontal plane until it 
strikes an inclined plane from which it rebounds. The object of 
the game is to make the ball after rebounding fall into a hole in the 
inclined plane. If ^ be the inclination of the plane, e the coefficient 
of restitution between the ball and the plane, and if the hole be 
situated at a distance d from the junction of the planes, show that 
in order that the ball may enter the hole, its velocity of projection 
V must be given by 

dg = 2eV^ sin d (i — e tan*d). 


(H.S.D.) 
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14 . A particle is projected with a velocity of magnitude V from a point 
of a plane, inclined to the horizontal at an angle a, in the vertical 
plane through the line of greatest slope through the point of projec- 
tion. The direction of projection is up the plane and makes an 
angle p with the plane. The coefficient of restitution between the 
plane and the particle is e. Prove that the range of the particle on 
the plane at the moment of its second impact with the plane 
is greatest when cot 2j3 — (i + tan a, and that this greatest 
range is 

F*(i -f e) tan p 
g cos a 

where P has the value given by the first equation. (H.C.) 




CHAPTER V. 


MOTION IN A CIRCLE. 


§ 148 . In the present chapter we shall consider the motion of 
a particle moving in a circle with uniform speed, and also certain 
points in connection with the motion of a particle in a vertical 
circle under gravity. 

^ It is evident from Newton's First Law of Motion that, if a par- 
ticle is describing a circle with uniform speed, there can be no force 
acting on it in the direction of the tangent to the circle, otherwise 
the speed would alter. >Tt is also clear that there must be an inward 
force acting to cause the particle to describe a curved path. This 
means that there must be an inward acceleration along the normal 
to the path, and we shall now find what the magnitude of this 
acceleration must be. ^ / 


§ 149 . If a particle is moving in a circle of radius r with constant 
speed V, its acceleration is y and is directed towards the centre of the 
circle. 



Let 0 (lug. 89) be the centre of the circle, P the position of the 
particle at any instant, and Q its position after a short interval of 
time ht. 

Let the small angle POQ be 86, and the small arc PQ be 8s. 
The velocity at P is r along the tangent PT, and the velocity at Q 
is V along the tangent TQ. and ZQTX — 86. 

Resolving the velocity at Q along and perpendicular to PX, the 
components are 

V cos 86 along PX, and v sin 86 perpendicular to PX. 

216 
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The change in velocity along the tangent PX is v cos hO — v. 
Hence the acceleration along the tangent PX is 

. , he 

, , — 2v Sin* — 

, V{COS he — I) . 2 

Lt ^ 


= Li 


“(?)■ 


61 


= o. 


The change in velocity along the normal PO is v sin 86. 
The rate of change of velocity is therefore 


Lt 


V sin 

ST 


- Lt 


V sin 8^ 8^,^ 

~W~ 


V- 


_(W 

dr 


and is directed towards O. 

dS 

Now ^ is the angular velocity of P in the circle, so that, de- 
noting this by o), the acceleration is vw towards the centre. 

Since v = rw, we have the following values for the acceleration, 

V* 2 

— or 

r 

§ 160. If the mass of the particle is w, the force required to 
produce this acceleration is or wrco*, and it must act contin- 
uously towards the centre of the circle. 

Tliis force may be produced in various ways, e.g. the particle 
may be connected to O by an inextensible string, or it may be 
threaded on a smooth circular wire ; in the first case the tension 
of the string, and in the second case the reaction of the wire provides 
the necessary central force. 

It must be noticed carefully that although (in the case of a 
particle swinging round in a circle at the end of a string) the string 
is in a state of tension, there is no tendency for the particle to move 
outwards, along the radius of the circle. If the string breaks the 
particle continues to move straight on along the tangent to the 
circle. 

In the case of a train going round a curve the necessary inward 
force is provided by the pressure of the outer rail against the flanges 
of the wheels. In the case of a motor car the force is provided by 
the friction between the wheels and the ground. In both cases it 
is possible to make the weight of the train or car provide this force 
by banking up the track so that the outer wheels are above the 
inner one^. This will be considered later. 
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Example (i). 

A mass of 5 lb. moves on a smooth horizontal plane with a speed of 
8 ft. I sec., being attached to a fixed point on the plane by a string of length 
4 ft. ; find the tension of the string. 

Here v — 8, y = 4. 

The acceleration towards the fixed point is — — i6 ft. /sec.*, 


the tension must be 5 x 16 = 80 pdls. == 2J lb. wt. 

Note . — The force given by or mrw* is always in absolute units, 
i.e. in F.P.S. units the force is in poundals, in C.G.S. units it is in dynes. 


Example (ii). 

A particle of mass 8 lb., resting on a smooth table and attached to a 
fixed point on the table by a string 4 feel long, is making 300 revolutions 
per minute ; find the tension in the string. 

300 R.P.M. == 5 rev. per sec., 

.-. the angular velocity = iott radians per sec. 

The tension is mroj^ r=: 8 . 4 . io*7r* pdls. 

— TOOtt* lb. wt. 

= 1000 lb. wt. nearly. 

Example (iii). 

An engine, of mass 80 tons, is moving in an arc of a circle of radius 
800 feet, with a speed of 30 m p.h. : -what force must be exerted by the rails 
towards the centre of the circle ? 

30 m.p.h. == 44 ft. /sec. 

80 tons = 80 . 2240 lb., 

.*. the force is 

80 . 2240 ■ 44-44 pdls 
800 ^ 

= 6.y^ tons wt. 

Example (iv). 

A particle is tied by an elastic string of length i foot to a fixed point 
on a smooth horizontal table, upon which the particle is describing a circle 
round the point at a constant speed. If the modulus of elasticity of the 
string is equal to the weight of the particle and the number of revolutions 
per minute is 20, show that the extension of the string is nearly 2 inches. 
[Take ^ == 32 ft.lsec.^, and tt* = 10.] (I S.) 

Let m be the mass of the particle. 

20 R.P.M. = ^ rev. per sec. 

.*. the angular velocity is ^ radians per sec. 

li X feet is the length of the string, the tension (wfeu*) is 

mx l!L pdls. 

9 
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Now the extension of the string is (x 
E = mg, the tension T is given by 


i) ft., and since the modulus 


T = — i) pdls. 


mg{x 


47r* 


ft. 


The extension is ft. or nearly 2 ins. 


EXAMPLES XXIX. 

1. A particle of mass 5 lb. rests on a smooth horizontal plane, and is 
attached by a string 4 feet long to a fixed point on the plane. If 
the particle describes a horizontal circle at 8 ft. /sec., find the tension 
in the string. 

2. A string 2 feet long can just sustain a weight of 40 lb. without 
breaking. A mass of 4 lb. is attached to one end of the string and 
revolves uniformly on a smooth table, the other end of the string 
being fixed to a point on the table ; find the greatest number of 
complete revolutions the mass can make in a minute without 
breaking the string. 

3. An engine, of mass 60 tons, is moving in an arc of a circle of radius 
800 feet at 60 m.p.h. What force must be exerted by the rails 
towards the centre of the circle ? 

4. A motor car, weighing 2 tons, is rounding a curve of radius half a 
mile on a level track at 60 m.p.h. ; what force of friction is necessary 
between the wheels and the ground ? 

5. One end of an elastic string, 2 feet long, is attached to a fixed point 
on a smooth table, and the other end to a mass of 4 lb. resting on the 
table. If the 4 lb. mass were suspended vertically by the string the 
extension would be 4 inches. The mass is made to describe a circle 
round the fixed point at 40 R.P.M. Calculate^ the exten.^iun of 
the string. 

6. An elastic string of unstretched length I, fixed at one end, can just 
support a mass of m lb. when hanging vertically and extended by 
half its length. The mass and string are now placed on a smooth 
horizontal table with one end of the string fixed. The string is 
stretched to double its length and the mass is projected along the 
table with such velocity that it describes a horizontal circle about 
the fixed point as centre. Find the time of revolution of the mass. 

(H.S.D.) 

7. Two equal particles are connected by a string passing through a hole 

in a smooth table, one particle being on the table, the other under- 
neath. How many revolutions per minute would the particle on 
the table have to perform in a circle of radius 6 inches, in order to 
keep the other particle at rest. (I S.) 

8 . A rough horizontal table can rotate about a vertical axis, and a weight 

is placed on the table at a distance of 2 feet from the axis. The 
table is made to rotate with gradually increasing velocity ; if the 
coefficient of friction between the weight and the table is J, show that 
the weight will not move as long as the number of revolutions per 
minute is less than 19. (H.S.C.) 
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g. A plane horizontal circular disc is constrained to rotate uniformly 
about its centre, describing two complete revolutions per second. 
Show that the greatest distance from the centre of the disc at which 
a small object can be placed so as to stay on the disc is very nearly 
2 *43 fi inches, where fi is the coefficient of friction between the object 
and the disc. (H.C.) 

lo. The wheels of a bicycle are 30 inches in diameter, the gear-ratio 
between the crank axle and wheel axle is 2J, and the length of the 
crank is 8 inches. Find the velocity of the end of the crank and the 
magnitude and direction of its acceleration, when at its highest 
point, the bicycle travelling at the rate of 30 ft. /sec. (Q E ) 

§ 151. The Conical Pendulum. 

If a particle be tied by a string to a fixed point O, and move 
in a horizontal circle, so that the string describes a cone whose 
axis is the vertical through O, the string and particle form what is 
called a conical pendulum. 



Let P (Fig. 90) represent the particle of mass nt, and OP the string 
of length I, and let ON be the vertical through O. Then if PN 
is perpendicular to ON, N is the centre of the horizontal circle 
described by P. 

Let T be the tension in the string, 0 its inclination to the vertical, 
and a> the angular velocity of the particle about N. 

The only forces acting on the particle are the tension of the 
string and its own weight mg. 

It is obvious that P must be below O so that the tension has 
an upward vertical component to balance the weight mg. 

The horizontal component of the tension must provide the 
central force necessary to keep the particle moving in its circle. 
The value of this central force is wPN . or ml sin 6 . co*, 

.\ T sin 0 ml sin 6 . . (i) 

Since there is no vertical acceleration, the vertical component 
of T must equal the weight mg., 

r cos d — mg . . . . (ii) 
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From (i) T = mlw^ = 47 r*n*w/ pdls., 

where n is the number of revolutions made by P per second. 
Substituting for T in (ii), 


cos 6 


mio)* /a>* 


Now ON == I cos 6, 


.-.ON 


i.e. the vertical depth of P below O is independent of the length of 
the string, and varies inversely as the square of the angular velocity. 
If we use the speed v of P instead of its angular velocity w, 

V = PN . to — I sin 6 . o) ; 
equation (i) then becomes 

T sin 6 ^ ml sin 9 . ^ 


sin* 9 I sin 9' 


and, dividing by (ii), 


tan 9 = 

gl sin 9 

= gl sin 9 tan 9. 


§ 152. Oovemora of Steam-engines. 

The fact that, when a weight is swung round as a conical pen- 
dulum, the depth of the weight below the point of suspension 
depends only on the angular velocity, is made use of in governors 
for regulating the supply of steam to an engine which is required 
to rotate a shaft at a constant rate. 


C 



Two light rods are hinged at C (Fig. 91 ) to a vertical shaft which 
is rotated by the engine, and at the other ends of these rods are 
weights A and B. Two other rods DF, EF are hinged to AC and BC 
and also to a collar F which can slide up and down the shaft. 

A lever is attached to F w’hich can open or close a valve admitting 
steam to the engine. This is arranged so that when F rises it closes 
the valve. 

8 * 
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When the spt^ed of rotation of the shaft increases, the weights 
A and B rise and pull F up, thus shutting off some of the steam 
so that the engine is slowed down. If the speed decreases too 
much, F is lowered and lets in more steam. 

§ 168 . Example (i). 

A small body, attached by a siring to a fixed point, describes a hori- 
zontal circle at the uniform angular speed of one revolution per second. 
Prove that its distance below the fixed point does not depend on the length 
of the string, and find the tension of the string when the mass of the body 
is 2 lb., and the length of the string is 14 inches, (H.S.D.) 


0 



Let O (Fig. 92) be the fixed point, P the body, OP the string in- 
clined at an angle d to the vertical ON, and PN perpendicular to ON. 

Then, if m is the mass, T the tension of the string, and cu the angular 
velocity of P, 

T sin 6 — mPN . to^ ~ ml sin 6 . . . (i) 

T cos 9 = mg (ii) 

From (i) T = mlw* ...... (iii) 

looser ^ = A, 
mw^ co^ 

but / cos 9 is the depth of P below O, which is therefore equal to 

g 

— , and is independent of the length of the string. 

When P is making one revolution per second, oj = 27 r, and if m = 2 lb., 
/ = feet, we have, from (iii), 

r = 2 . J . 4^* - pdls. 

Taking tt* = 10, 

^ 280 j, 280 ,, , 

T — — pdls. or lb. wt. 

3 3 X 32 

i.e. 93^ pdls. or 2| I lb. wt. 

Example (ii). 

If the mass of the bob in a conical pendulum is 4 lb., and the length of 
the string is 2 feet, find the maximum number of revolutions per second 
of the pendulum when the greatest tension that can with safety be allowed 
in the siring is 40 lb, wt. (I*S.) 
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4y 

Fig. 93. 

Let T be the tension in the string, oj the angular velocity, and 0 
the inclination of the string to the vertical. 

In Fig. 93, O is the point of suspension, P the bob, PN the perpen- 
dicular on the vertical ON through O. 

T sin B “ 4PN . oi* — 4 . 2 sin B . 47r*M*, 
where n is the number of revolutions per second, 

... T — 327r*«* pdls., 

= lb. wt. 

The maximum value of T is 40 lb. wt. 

7r*n* == 40, 

... n* = 12 — 4, taking ~ 10. 

IT* 

Hence the greatest number of revolutions per second is 2. 



Example (iii). 

An elastic thread, whose unstretched lenqth is 20 inches, has a mass of 
5 lb. at one end and makes 60 R.P.M. as a conical pendulum. The string 
is then 24 inches long ; find the tension in the string and express in ft. lb. 
the kinetic energy of the mass and the potential energy due to stretching 
the thread. (LS.) 

60 R.P.M. = I per sec., and the angular velocity is 2rr. 

If T is the tension, and & the inclination of the string to the vertical, 


T sin ^ = 5 X 2 sin d X 4ir*, 

... T = 407r* = 400 pdls. nearly, or 12*5 lb. wt. 
Also T cos B = 5g, 

...costf = f =1? = ?. 

T 400 80 5 


. sm 6 = 


V 21 


If p is the speed of the mass, 

t; = 2 sin ^ ft. /sec, 

5 

5 Ibir* X 21 ^ 11 1 

= 16 X 21 ft. pdls. nearly, 

=a loj ft. lb. 


its kinetic energy is 


25 
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The potential energy due to stretching the thread is equal to the 
work done in stretching it from its natural length, 20 inches, to 24 inches, 
i.e. by J foot. The mean of the initial and final tensions is 

= 12!? == 200 pdls., 

22 

the work done in stretching is ft. pdls., or ft. lb. 

3 96 

The potential energy is therefore 2^\ ft. lb. 


Example (iv). 

A mass m at C is freely jointed to two equal light rods CA and CB ; 
the end A of CA is pivoted to a fixed point A , and the end B is freely 
jointed to a heavy head of mass m which slides on a smooth vertical bar 
AB. If the mass C rotates in a horizontal circle with uniform angular 
velocity cu, prove that the inclination of the rods CA and CB to the vertical 
3g 

is cos^^ — where I is the length of either rod. (I.E.) 



Let Ti, Ts be the tensions in AC, BC (Fig. 94), and 6 the angle BAC. 
Resolving vertically for the weight at B, 

r, cos B — mg (i) 


Resolving vertically for the weight at C, 

Tj cos ^ + T, cos B = 'img . (ii) 

Now since the mass at C is describing a horizontal circle of radius 
/ sin ^ about AB, the two tensions must exert a force of ml sin 6 . cu*, 
towards AB and in a direction bisecting the angle ACB. 

Ti sin ^ -f T^sin. B ^ ml sin B . co*, 

~ fnlw^. 

Hence, from (i) and (ii), 


2mg mg 
cos B ~ cos B 


= mid)*, 


cos 9 

cos 8 = }?? . 
Iw* 
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Example (v). 

A horizontal rod of length 20 feet is pivoted about a vertical axis at its 
centre. Equal heavy bodies hang, one from each end of the rod, by chains 
12 feet long, of negligible weight. Prove that if the whole system rotates 
steadily at n R.P.M., and if the angle of inclination of each chain to the 
vertical is small this angle is approximately equal to 


90^ ■ 


(N.U. 3 .) 


The chains will be inclined to the vertical so that the bodies are 
more than 10 feet from the axis. 

Since the bodies are rotating steadily, i.e. with uniform speed, the 
chain will not be inclined forward so that there is a component of 
tension along the tangent to the path ; the vertical plane through the 
rod will contain both chains. 



Fig. 94A. 


Consider the plan shown in Fig. 94A, where O is the plan of the axis, 
A the plan of one end of the rod and B the body attached to that end. 

OA == 10 feet, AB =12 sin 6 feet, where 6 is the inclination of the 
chain to the vertical. (AB is the horizontal projection of the chain.) 
The body is describing a circle of radius (10 12 sin 9) feet. Let T 

be the tension in the chain, ci> the angular velocity, and m the mass 
of each body. 

Resolving hori2sontally and vertically, we have 


T sin ^ = m(io + 12 sin ^)cu*, 
T cos 9 = mg, 

^ (10 4 “ 1 2 sin 9)ai* 

tan 9 = ^ = 


(10 -f- 12 sin 9) 4*r*»i* 
i ■ 6 o* • 


Now since 9 is small, n is small, and the term 12 sin 0 (which is 
divided by 6 o*g) can be neglected ; also tan 9 9 approximately. 


Hence 


40 ir*«* nht* 
6o*g ^ 9C^' 


EXAMPLES XXX. 

I. A particle of mass m is describing a circle on a smooth plane at the 
end of a horizontal string of len^h a. If the particle make n com- 
plete revolutions a minute, compare the tension of the string with 
the weight of the particle. A man holds one end of a string, 

VOL. T. 
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lo inches long, to the other end of which a weight is attached, and 
swings the weight round so as to make it describe a horizontal circle 
at a uniform rate of 8o R.P.M. Show that the inclination of the 
string to the vertical is very nearly 57°. (I-S.) 

2. A particle moves as a conical pendulum at the end of a string of 

length 16 inches. If the string is inclined at 60° to the vertical, 
show that the particle is making approximately eleven revolutions 
in 10 seconds. (l A.) 

3. A small heavy body is attached by a string 4 feet long to a fixed 
point A, and is caused to move with uniform speed in a horizontal 
circle. If the tension in the string is twice the weight of the tx)dy, 
show that the angular velocity is 4 radians per second. (H.S.D.) 

4. An elastic string, of unstretched length 3 feet, has one end attached 

to a fixed point and the other to a mass of 8 lb. which revolves as a 
conical pendulum, making 40 R.IMVl. If the length of the string is 
then 3 J feet, find what the extension will be when the weight hangs 
at rest. (I-S.) 

5. A mass of i lb,, suspended by a cord 5 feet long, is revolving as a 

conical pendulum at 80 R.P.M. ; find the radius of the circle it 
describes, and the tension of the cord. (l A.) 


6 . 


Show that in the conical pendulum, the inclination of the string to 
the vertical being d, sec 6 = ~~ , where r is the length of the string, 


and o) the angular velocity. If the string is extensible, so that its 

tension is equal to where r is the stretched and a the natural 

length, find the cosine of the angle which the string makes with the 
mao)^ 

vertical and show that — > — must be less than unity. (H.S.D.) 


7. A particle of mass 4 lb. is whirled round at the end of a string 20 

inches long, so as to describe a horizontal circle, making 60 R.P.M. ; 
calculate the tension in the string (in lb. wt.) and prove that the 
fixed end of the string is a little less than 10 inches above the centre 
of the circle . ( H . C . ) 

8. A particle suspended by a fine string from a fixed point describes 

a circle uniformly in a horizontal plane. If it makes 3 complete 
revolutions every 2 seconds, show that its vertical depth below the 
fixed point is 4*3 inches approximately. [Take n — (H.C.) 

9. A particle, attached to a fixed point by a string one yard long, 

describes a horizontal circle. The string can only support a tension 
equal to 15 times the weight of the particle. Show that the greatest 
possible number of revolutions per second is just over two. 
[ff = (H.C.) 

10. Two small weights, of 2 oz. and i oz. respectively, are connected by 
a light inextensible string, a foot long, which passes through a 
smooth fixed ring. The 2 oz. weight hangs at a distance of 9 inches 
below the ring, while the i oz. weight describes a horizontal circle. 
Show that the plane of this circle is inches below the ring, and 
show also that the i oz. weight makes very nearly 1 53 R.P.M. (H.C.) 

11. Two unequal masses are connected by a string of length / which 
passes through a fixed smooth ring. The sm^ler mass moves as 
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a conical pendulum while the other mass hangs vertically. Find 
the semi-angle of the cone, and the number of revolutions per second 
when a length a of the string is hanging vertically. (C.S.) 

12. A heavy particle is attached to the middle point of a string of length 
2I, one end of which is fastened to a fixed point O, and the other end 
is tied to a ring of the same weight as the particle, which slides on 
a vertical rod through O. Show that if the particle moves in a hori- 
zontal plane with uniform angular velocity cx) about the rod, the 
inclination of both portions of the string to the vertical is 

CO, -.(*), ,C.S.) 

J3. A ])articlc is attached by means ot two equal strings to two points 
A and B in the same vertical line, and describes a horizontal circle 
with uniform angular speed. Prove tliat, in order that both strings 

V 2 g 

where 

h AB, and that, if the speed is the ratio of the tensions of 

the strings is 5 : 3. (H.S.D.) 

14. A light arm CB, of length a, is freely pivoted at its end C which is 
fixed, and carries at B a mass m ; the arm is maintained in a hori- 
zontal position by a string attached to B and to a point A fixed 
vertically above C at a distance h from it. Find the magnitude and 
direction of the stress in C'B when CR is revolving about the vertical 
at the uniform rate of n revolutions per second. (N.U.3) 

15. A particle of mass m moving in a horizontal circle is kept in its path 
by a string tied to a point at a height h above the centre of the circle. 
Find the period of rotation. 

Ifm — 40Z., A — i inch, and the length of the string is 2 feet, 
find the tension of the string in lb. wt. (N.U.3) 

16. A smooth hemispherical bowl of internal radius a is held with its 
rim horizontal, and a particle describes in it a horizontal circle of 
radius r, less than a. Find the period of rotation. 

A particle of mass m describes a horizontal circle of radius 24 cm. 
inside a smooth hemispherical bowl of internal radius 25 cm. which 
is held with its rim horizontal. A fine weightless thread tied to the 
particle passes through a small smooth hole at the bottom of the 
bowl and supports another particle of mass m which hangs at rest. 
Show that the speed of the first particle is a little less than 4 metres 
per second. (N.U.4) 

§ 154. Motion of a Railway Carriage or Motor Car round a 
Curved Track. 

Let ABCD (Fig. 95) represent a section of a railway carriage 
or car in the vertical plane passing through its centre of mass G 
and the centre of the circle which it is describing, A and B being 
the points where the wheels meet the ground and A on the inside 
of the curve. 
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A B 

Fig. 95. 


Let V be the speed, r the radius of the circle, and m the mass. 

The central force necessary to cause the circular motion should 

r 

really be applied at G, the centre of mass, but it can, of course, 
only be applied in practice at the points of contact with the rails 
or ground. 

In the case of a railway carriage the flanges of the wheels are 
on the insides of the rails so that, unless a second (or check) rail is 
placed on the inside of the curve with the inner flanges between 
the two rails, all the inward thrust is supplied by the outer rail. 

In either case, if the curve is at all sharp, there is a considerable 
side thnist on the rails, and this is usually eliminated by banking 
the track as explained below. 

A level track has another disadvantage, due to the fact that the 
central force is applied at the ground instead of at the centre of 
gravity. It is well known that a car rounding a curve at high speed 
tends to tilt up on its outer wheels. 

The force applied horizontally at B or A, is equivalent to 

an equal horizontal force at G together with a couple which tends 
to make the carriage rotate in the direction ADCB, i.e. to lift the 
inner wheel off the ground. The only force present to prevent this 
rotation is the weight mg, acting vertically through G. 

If h is the height of the centre of gravity, and 2a the lateral 
distance between the rails, i.e. the gauge, the moment of the couple 

mv^h 

tending to tilt the carriage about B — » while the moment of 

the weight about B (assuming that the centre of gravity is mid- 
way between A and B), is mga. 

It 

the carriage will upset. 

§ 156 . We can obtain this result in another way by considering 
the vertical pressures at A and B. 
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Let 2?, S be the vertical pressures at A and B. The total hori- 
zontal force along BA is hence, taking moments about G, 



»d « - - ^). 

It is evident that the vertical pressure S on the outer rail is 
always greater than that on the inner rail, and also that, when 

— ~ g> K == o, or the vertical pressure on the inner rail vanishes. 

At this point the carriage begins to tilt about B. 

§ 156. Suppose a car or carriage is placed on an inclined track, 
sloping downwards towards the centre of the curve which is being 
described at an angle 6, as shown in Fig. 96. 



We now have the component of the weight, mg sin B, acting at 
G down the slope. 

The component of the central force down the slope is 

cos B, so that if 

r 

mg sm ^ == ~ cos B, 

or tan , 

the component of the weight is sufficient to supply the necessary 
central force down the slope, the component perpendicular to the 
slope being supplied by the reaction of the track. 
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In this case there will be no side thrust on the track, and as the 
weight component acts through G there will be no tendency to up- 
set. The normal thrusts of the wheels on the track will also be 
equal. The v^ilue of 6 for a given value of r depends on v. 

In the case of a railway track the angle is chosen for the average 
speed at which trains take the curve. At higher speeds than this 
there is a side thrust on tlie outer rail outwards, at lower speeds 
there will be an inward thrust on the inner rail, the weight com- 
ponent being greater than is necessary. 

In the case of a motor track the banking is graduated, getting 
steeper towards the outside of the track. As the speed of the car 
increases it skids or is steered on to tlie steeper part. 


§ 157. Motion of a Bicyclist riding in a Curve. 

In this case tlie centre of gra\'ity, if the cycle and rider are upright, 
is V(Ttically above the line* of contact of the wheels with the ground. 
The weight has therefore' no moment about this point and cannot, 
therefore, counteract the upsetting couple. For this reason the 
rider has to lean inwards on rounding a corner. 


B 



L(d AB (Fig. 97 ) represent the bicycle and rider, and G their 
centre of mass. The friction of the ground F acts inwards at A, 
and the other forces acting are the weight mg, vertically through G, 
and the normal reaction of the ground (i?) at A. 

Since there is no vertical motion 


R mg. 

Also R and F have to produce a force through G which has a hori- 
zontal component of - , so that the resultant of R and F must 

pass through G. 

If ^ is the angle made by AB with the vertical, 
tan 6 ~ 

K 

mv^ 
r ' 


tan & — 


niv^ 

mgr 




but 
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This is the same as the angle of banking necessary to prevent 
any tendenc}' to skid. 


§ 158 . Example (i). 

A train is running at 45 m.p.h. on a curve of mean radius 1200 feet, 
and the distance between the rails is 4 feet 8 J inches. Find how much 
the outer rail must he raised in order that there may be no side thrust on 
the rail. (I 

45 m.p.h. =- 66 ft. /sec. 

Let m lb. be the mass of the train, and S the angle the plane of the 
rails makes with the horizontal. 

ni X 66* 

The horizontal inward force required is pdls., and the com- 

1200 

ponent of this parallel to the plane of the rails is 


m. X 66* 


1200 


cos B, 


the component of the weight in this direction is mg sin 6 ; 

.-. the required value of B is given by 

• mx66* 

mg sm S — — 2 cos B, 


... tan e = = 3 ^ , 

32 X 1200 3200 


The height to which the outer rail should be raised is 56^ sin B ins. 
Now as 6 is small we may take sin 6 --- tan B, 

.-. the height required 


i_i3 

2 


X 


363 

3200 


= 6*4 ins. 


Example (ii). 

A railway truck weighing 10 tons travels round a curve, of 1 mile 
radius, at 15 m.p.h. The distance between the rails is 5 feet, and the 
centre of gravity of the truck is 6 feet above the rails. If the rails arc at 
the same level, find the vertical pressure upon each, and the horizontal 
pressure between the flange and the rail. How much should the outer rail 
he raised to avoid pressure on the flange? (I E ) 


To cenfre 

rzz;r n 

>S 

R> 

6' , 

V/ 

> 

V 

F B 


Fig. 98. 

Let A (Fig. 98) represent the inner and B the outer point of contact 
with the rails, and let R and 5 be the vertical pressures at A and B, 
F the horizontal thrust at B. 



282 


INTERMEDIATE MECHANICS 


E . MV* 22400 X 22 * „ 

^ = — = — 3 — pdls. 

r 2640 ^ 

= JLi tons wt. 

192 

and i? + -5 == 10 tons wt. 


Taking moments about G, 

2 jS - 2iR = 6F, 

• S - i? = 

5 

c- , I2e- 81I 

5 80’ 

5 — tons wt.» 

160 

/? = 10 — tons wt. 

160 160 


If 0 is the slope of the track necessary to prevent side thrust, 

sm = — cos 0, 

r 

...tan e = = IL. 

gr 32 X 2640 1920 


The height to which the outer rail must be raised is 

5 sin 0 = 5 tan 0 — -AL ft. 

1920 

= J inch nearly. 


Example (iii). 

An aeroplane weighing i ton flies at 90 m.p.h. Find the angle at 
which it must bank in order to turn without side-slipping in a horizontal 
circle of 200 yards radius, assuming that its design enables it to do this, 
and that the line of the resultant air pressure lies in the, plane of symmetry 
of the machine, (Q E.) 


B 



Let AB (Fig. 99) represent the section of the wings, G the centre 
of gravity, and CGD the horizontal line through G, the centre of the 
circle described being in the direction of C. 

The air pressure may be taken as a force P acting through G per- 
pendicular to AB. Let ZBGD = 0. 
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Now P has to support the weight of the plane mg, and also provide 
the central force along GC. 

Here i; = 90 m.p.h. = = 132 ft. /sec., 


and 


r — 200 yards = 600 ft., 
P cos 0 = mg, 

Psine^VL^^J. 

600 


... tan e = ^3^ • , = 3^ 

32 . 600 400 


$ = 42° 13' approximately. 


EXAMPLES XXXI. 

1. The gauge of a railway is 4 feet 8J inches, and the line runs along an 

arc of a circle of radius half a mile. The average speed of the trains 
on the line is 45 m.p.h. What should be the height of the outer 
above the inner rail ? (I S.) 

2. A motor track describes a curve of 250 feet radius, and is sloping 

downwards towards the inside of the curve at an angle tan-^ 1. At 
what speed must a car run along it so that there should be no ten- 
dency to side-slip ? (I.S.) 

3. Explain clearly the advantage of raising the outer rail above the 

inner on a curved railway track. Calculate by how much the outer 
rail should be raised on a circular track of radius r, if b is the breadth 
between the rails and v is the speed of a train on the track. (I. A.) 

4. If the radius of a curved railway track is 1000 yards, and a train has 

to travel round the track at 30 m.p.h., by how much should the outer 
rail be raised above the inner if the distance between the rails is 
57 inches ? (I A.) 

5. A motor car is rounding a curve of 50 yards radius on a level road. 

Find the maximum speed at which this is possible, if the distance 
between the wheels is 4 J feet, and the centre of gravity is 2 feet from 
the ground and midway between the line of the wheels. Find also 
the least coefficient of friction between the road and tyres which will 
prevent side-slip at the maximum speed. (H.S.C.) 

6. A motor car is moving round the curve of a track at 75 m.p.h., the 
radius of the curve being no yards. Calculate the angle which the 
track makes with the horizon, if the total pressure exerted by the 
car on the track is normal to the plane of the track. If the weight 
of the car is ij tons, calculate the total pressure on the track. 

(H.S.D.) 

7. Assuming that the height of the centre of gravity of a locomotive 

above the rails is 6 feet, and the width of the rails is 4f feet, find the 
greatest speed at which it could travel on a curve of radius 150 yards 
without toppling over. (I E ) 

8. A train is travelling at 35 m.p.h. round a curve of radius 200 yards. 

If the width of the rails is 5 feet, calculate how much the outer rail 
must be raised above the inner, if lateral pressure on the rails is to 
be avoided. (H.S.D.) 
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g, A bicyclist is describing a curve of 50 feet radius at a speed of 10 
m.p.h, ; find the inclination to the vertical of the plane of the bicycle. 
What is the least coefficient of friction between the bicycle and the 
road that the bicycle may not side-slip ? [Assume the rider and his 
machine to be in one plane.] (H.C.) 

10. The shape of a cycle track at a corner is that of a circle whose radius 

is 100 yards. Find the angle at which the track should be inclined 
to the horizontal in order that a rider can take the corner at 30 m.p.h. 
without any lateral reaction between his bicycle and the track. If a 
motor-cyclist can take the corner safely at 60 m.p.h., find the 
least possible value of the coefficient of friction between the track 
and his tyres. (H.C.) 

11. A motor car is rounding a curve of radius 150 feet on a level road. 

What is the maximum speed at which this is possible without over- 
turning when the distance between the wheels is 4 feet, and the 
centre of gravity of the car and its load is midway between the wheels 
and 3 feet from the ground ? (Q-E-) 

12. An aeroplane is describing a horizontal circle of 100 yards radius at 

^ 75 m.p.h. Assuming that the air pressure on it acts through its 

centre of gravity at right angles to the planes, determine the angle 
at which they must be inclined to the vertical. (H.S.D.) 

13. The sleepers of a railway line at a point where the curve of the track 

has a radius of 60 yards have such a slope that a train moving at 30 
m.p.h. exerts no lateral force on the rails. What lateral force would 
an engine of weight 100 tons exert on the rails at this point if it 
were at rest ? (i-E.) 

A car takes a banked corner of a racing track at a speed V, the lateral 
gradient a being designed to reduce the tendency to side-slip to zero 
for a lower speed . Show that the coefficient of friction necessary 
to prevent side-slip for the greater speed V must be at least 

( -- U^) sin a cos a o \ 

P^sin^a d- f/^cos^a- 

15. A railway track round a curve of 440 yards radius is laid so that 

there is no lateral pressure cm the rails when a train travels round at 
40 m.p.h. Determine the lateral pressure, in terms of the weight 
of the train, when the speed is 20 m.p.h. (Neglect the length of the 
train.) (I-C.) 

16. A railway truck is loaded so that the pressure on each wheel is 5 tons, 

and the centre of gravity of the loaded truck is 6 feet above the rails, 
and the distance from centre to centre of the wheels on an axle is 
5 feet. Find the alteration due to centrifugal action in the vertical 
pressure on the rails when the truck is going on the level round a 
track of 1200 feet radius at a speed of 15 m.p.h. (IE.) 

17. A curve on a railway line is banked up so that the lateral thrust on 
the inner rail due to a truck moving with speed z;, is equal to the 
thrust on the outer rail when the truck is moving with speed t;* 
(Vj > Vi). Show that there will be no lateral thrust on either rail 
when the truck is moving with speed, 

+ «,•)]*. (H.C.) 

18. A car travels round a curve on a track of 50 yards radius at a speed 
of 30 m.p.h. Show that if there is no side pressure between the car 
and the track, the track must be banked at an angle of approximately 
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22°. What would be the component of force on the car across the 
track, if a car weighing i ton went round this curve at 45 m.p.h, ? 

(Qt:.) 


19. A motor car makes a quick turn on the level round a circle of 30 feet 

radius. If the centre of gravity of the car be midway between the 
wheels and at a height of 3 feet 2 inches, and if the wheel gauge is 
4 feet 8 inches, find the speed at which the car will overturn, assum- 
ing that no side-slipping occurs. (Q-E ) 

20. In a conical pendulum the speed of the bob is v, and the radius of 
the circle in which it moves is r, while the string makes an angle a 
with the vertical. Prove that r g tan a. 

A cyclist travels on a level track of radius 220 feet, and the coeffi- 
cient of friction between the tynes and the ground is 0-32. Find the 
greatest speed at which he may travel. (N.U.3) 

21. A car travels at ft. /sec. along a curved track of radius R feet. Find 
the inclination of the track to the horizontal if there is to be no 
tendency for the car to slip sideways. 

Prove that if v 30 R, 1000 and the inclination of the track 
is I in TOO, the total sideways frictional force on the wheels must be 
about 1-8 per cent, of the weight of the car. (N.U.3.) 


§ 159. Equilibrium of a Smooth Ring on a Rotating Wire. 

If a smooth ring is threaded on a wire in the* form of a plane 
curve which is caused to rotate, with uniform angular velocity, 
about a vertical axis in its plane, the ring can usually remain at 
rest relatively to the wire at points other than the lowest point of 
the wire. 

We will consider the ca.se where the curve is a circle rotating 
about a vertical diameter. 


B 



Let the diameter AB (Fig. 100) be the axis of rotation, C the 
centre, r the radius, and co the angular velocity. 

Let P be the position of a smooth ring threaded on the circle, 
PN the perpendicular on AB, and let Z.PCN ™ 0 . 

If the ring is to remain at P it must be acted on by a force 
m . PN . along PN since it is moving in a horizontal circle about 
N as centre. This force must be provided by the horizontal com- 
ponent of the reaction of the wire on the ring, and the \Trtical 
component of this reaction must balance the weight mg. 
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Now since the wire and ring are smooth the reaction of the wire 
must be along the radius PC, and if its value is R, then for P to 
remain stationary relative to the wire, we must have 

2? sin ^ = wPN . ^ mr sin 6 . . (i) 

and R cos 6 = mg (ii) 

The first equation gives 

R — mro}^, unless sin d = o, 

and this value of R will satisfy the second equation if 

cos $ = 

roj^ 

The value sin 6 ~ o, gives the positions A and B, the lowest 
and highest points of the circle. 

a 

The value cos B — gives a possible inclined position pro- 
vided that 

rcj^ ’ y r 

If a> is less than this value no inclined position such as P is 
possible. In this case the lowest and highest points are the only 
possible positions of equilibrium, and of these the highest one is 
unstable. 

When an inclined position is possible, it is the only stable one. 

§ 160. Effect of the Earth’s Rotation on Gravity. 

The weight of a body is due to the earth's attraction on it. The 
force of attraction varies inversely as the square of the distance 
from the centre of the earth (for bodies outside the surface of the 
earth), and hence is greater at the poles, where it is nearer the centre, 
than at the equator. 

When a b^y is at relative rest on the earth’s surface the pressure 
of the earth on the body must balance what we call its weight. 

At the poles, where there is no rotation, this pressure is an actual 
measure of the earth’s attraction. 

But consider a body of mass m at the equator. It is carried 
round in a circle of radius r (about 3960 miles) in a day. 

[Strictly this day is not the mean solar day of 24 hours, but the 
sidereal day of 23 hours 56 minutes 4 seconds, or 86,164 seconds.] 

Taking the number of seconds in the day as 86,400, the angular 

velocity w is therefore 

Now owing to this circular motion there must be a force wrco* 
towards the centre of the earth, and this must equal the resultant 
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. T8 6 = 

. . T — — mv^, 


where v is the linear velocity of a point on the ring. 

If m is in lb. and r in feet, T is in poundals. 

If I'm is the maximum tension the wire can bear, the maximum 


value of CO is 


Smr^ 


The maximum tension which a wire or belt can bear is usually 
stated as a force per unit cross-section. 

If the cross-section of the wire is A, Tq the maximum tension it 
can bear per unit area, and p the density, then 


m ^ pA, 

and Jm ^ T^A, 


The maximum angular velocity co is then given by 



and is independent of A. 


EXAMPLES XXXII. 


3 


4 - 

5 


6 . 


A uniform circular wire of small cross-section is rotating in its own 
plane about its centre with uniform speed v. If the wire weighs 
490 lb. per cu. ft., and can just stand a strain of 90,000 lb. wt. per 
sq. in., show that the greatest value of v is about 920 ft. /sec. (I.E.) 
Prove that if we take the radius of the earth as 3960 miles, gravity 
at the equator is diminished by the earth's rotation by -00343 ^f 
itself. (TA.) 

A circular hoop rotates with uniform angular velocity co about a 
vertical diameter AOB, O being the centre. A smooth ring P of 
weight W can slide on the hoop. If a be the angle of inclination of 
the radius OP to the vertical when the ring is in equilibrium with 

a 

respect to the hoop, prove that cos a ™ where a is the radius 
of the hoop. 

Obtain also the reaction between the ring and the hoop. (H.S.D.) 
A uniform circular wire, of radius 10 feet and mass i lb., rotates 
uniformly about its centre 10 times per second ; show that the wire 
will break unless it will stand a tension of 196 lb. wt. 


A smooth parabolic tube, of latus rectum 4a and vertex downwards, 
revolves uniformly about its axis, which is vertical. Show that if 


the angular velocity be"^^ a particle 


will rest anywhere in the tube. 


Assuming the earth to be a sphere rotating uniformly about the polar 
axis, whose attraction per unit mass is the same at all points of the 
surface, prove that a pendulum, which beats seconds at the poles, 
will lose approximately 30 h cos* A beats per minute in latitute A, 
the ratio of the weight of the body at the poles to its weight at the 
equator being i -H ^ : i. (H.S.C.) 
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Motion in a Vertical Circle. 

§ 168. The complete investigation of the motion of a particle 
constrained to move on a curve in a vertical plane is beyond the 
scope of this book. When the curve is smooth we can, however, 
find the velocity of the particle at any point by means of the principle 
of energy. The time taken to describe a given length of arc or 
to acquire a certain velocity cannot be found easily, and in the 
case of the circle it is impossible to obtain an exact value for it. 
We shall deal more fully with the motion of a particle on a cycloid 
in a later chapter, but for the present shall consider certain results 
which can be obtained from a knowledge of the velocity in any 
position. 

When a particle is sliding down a smooth curve, we know from 
the principle of energy that the kinetic energy gained is equal to 
the potential energy lost, since the reaction of the curve is perpen- 
dicular to the direction of motion and therefore does no work. The 
same applies to a particle suspended by a string and swinging in a 
vertical plane about a fixed point. 

If m is the mass of the particle, u the initial and v the final 
velocity, and h the vertical height descended, 

= tngh, 

V* — w* = 2 gh, or r* = w* -f 2gh. 

If the particle is moving up the curve 
v* = — 2 gh, 

§ 164. In dealing with motion in a vertical circle there are 
differences in the nature of the problem according to whether the 
particle is, or is not, able to leave the circle. If a ring is threaded 
on the circle it cannot leave the curve, but if a particle is sus- 
pended by a string, this may go slack when it gets above the hori- 
zontal position. Similarly a particle moving down the outside of 
a vertical circle, or projected up the inside can come away from the 
curve. In these cases the usual problem is to find where it will 
leave the curve. 

We shall consider first the case of a ring or bead threaded on 
the circle. 

§ 166. Motion ol a Bing libteBiSM on a Smooth Vortical Oirole. 

Let C (Fig. 1.03) be the centre of the circle, A the lowest point, 
B the highest point, and a the radius. 

Let the mass of the ring be m, and V its velocity of projection 
from the lowest point. 
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When it reaches a position P, such that ZBCP ~ 6, it has risen 
a vertical distance a + a cos 6, and its velocity v is given by 

__ 2 ga (i + cos d). 

If V is just large enough to take the particle up to B, we must 
have 

o = — 4ag, 

■ V = VAdg, 

and with this value of V the ring will just come to rest at B. 

In the position P, the force along PC required for the circular 
tnv^ 

motion is and the component of the weight in this direction 
is mg cos S. 

If mg cos d > — or < ag cos 6, 

Oft 


the weight is more than sufficient to provide the central force, and 
there is an inward pressure on the circle equal to 

a ntv^ 
mg cos d — . 

a 

If > ag cos 9, 

the weight component is not sufficient to provide the central force, 
and there is an outward pressure on the circle equal to 


mv^ 

a 


mg cos 0, 


When P is below the centre, the weight component along the 
radius always acts away from the centre, and there is always an 
outward pressure on the curve. 


§ 166. Motioii of a Suspended Particle in a Vertical Circle. 

Let a particle of mass m be suspended at A (Fig. 104) from a 
point C by a light string of length a. 

Let the particle be projected at right angles to the string with 
VOL. I. 
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velocity V. Let v be the velocity at any point P of its path below 
the level of the centre, and draw PN perpendicular to CA. 

Then the particle has risen a vertical distance AN, and 

AN ~ a — a cos ol = a {i — cos a), 
v^=^V^-~2g. AN 

— 2 ag (i — cos a) . . . (i) 

Now the component of the weight along CP is mg cos a and acts 
outwards ; also, since the velocity in the circular path is v, a force 

towards C equal to is required. The tension (T) in the string 

must therefore balance the weight component and also provide 
this central force, 

T = wg cos a + — , 

mV^ 

= mg cos a H — — — 2mg(i — cos a), 

WP* /V / . 

= — + wg(3 cos a ~ 2) . . . . (ii) 


when the particle is at A, cos a = i, and 


r = 


~ + *ng. 


It is clear that as long as P is below the horizontal radius CD, 
the weight component acts outwards and the string can never go 
slack. 

If V is just large enough to take the particle to the level of the 
centre at D, then from (i) 

o — P* — 2ag 
V — V 2 ag, ' 

If V is greater than this value, the particle will go above the 
level of the centre, and in this case it is better to consider the angle 
made by the string with CB (Fig. 105). Let this angle be 6 , 
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The height of P above A is « + ^ cos 0 = a(i -j- cos 0). 
Hence, if v is the velocity at P, 

— 2ag(i cos 0). 


Now the weight component along the string is mg cos 0, and acts 
towards C. The central force necessary owing to the motion in a 

circle with velocity v is 

If mg cos 0 > , 

° a 

or t'2 ^ <>QS 0^ 

the weight component is greater than the force required owing to 
the motion, and the string will become slack, the particle leaving 
the circular path and moving as a free projectile. 

It wall leave the circle when 


7;2 _ dg cos 0, 

but v* ~ 1^2 _ 2ag[i + cos 0), 

F2 „ ^g cos 0 2ag[x + cos 0), 

+ 3 cos 0). 

This equation gives the value of 0 at which the string becomes 
slack with a given initial velocity V. 

If the string is to remain tight up to the highest point, i.e. where 
^ = 0, we must have 

$ag^ 

01 V V sag. 


This is the minimum velocity required for the particle to describe 
a complete circle. 

The tension T in the string when the particle is at P is given by 

T' mv^ a 

T = — — mg cos 0, 
a 

mV^ 

== — mg cos 0 — 2mg{i + cos 0) 


mV^ 


— mg{2 + 3 cos 0), 


a 
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The whole of the above argument applies to the case of a particle 
projected up the inside of a smooth vertical circular hoop. In this 
case the tension of the string is replaced by the pressure of the hoop. 

§ 167. Motion on the Outside ot a Smooth Vertical Cirde. 


B 



Let C (Fig. io6) be the centre, B the highest and A the lowest 
point of the circle, and a its radius. 

Let a particle of mass m at B be slightly displaced so that it 
slides down the circle. Let v be its velocity when at a point P such 
that Z. BCP — Draw PN perpendicular to CB. 

The particle has descended a vertical distance . 

BN — a — a cos 6 == a{i — cos 6), 

.-. v® = 2ag(i — cos 6). 

Let R be the pressure of the curve on the particle, then, since 
the component of the weight along the radius is mg cos 6, the re- 
sultant force acting on the particle in the direction PC is 

mg cos 6 — R. 

But since the particle is moving in a circle about C with velocity 

V, the central force towards C must be . 

a 

— = mg cos S — R, 
a 

R ^ mg cos 6 — 

a 

= mg cos $ — 2mg(i — cos 0), 

= mg{s cos ^ — 2). 

If 3 cos 0 > 2 , there is a pre.ssure between the curve and the 
particle. 

If 3 cos 0 < 2 , the pressure R becomes negative, which means 
that the particle has left the curve. 

The pressure R becomes zero, and the particle leaves the curve 
when 


or 


3 cos 0^=^ 2, 
cos ^ 
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The particle then moves as a free projectile, its initial velocity 
V being given by 

K* = 2ag(i - J) = jag, 




Its initial direction of motion is inclined downwards at an angle 
cos~^ f to the horizontal. 

§ 168 . Example (i). 

A particle of mass m lb. is suspended from a fixed point by a string 
a ft. long. It is projected horizontally with a velocity of 2\^ag ft. f sec. 
Find the height of the particle above the point of suspension when the 
string becomes slack. Find also the tension in the string when the particle 
a 

is at a depth - below the point of suspension. 



Fig. 107. 

Let C (Fig. 107) be the point of suspension, and A the lowest point 
from which the particle is projected. 

If CP is the position of the string when it becomes slack, and 
Z.BCP == $, then if v is the velocity of the particle at P, 

V* 4ag — 2ag{i + cos 0), 

= 2 ag{i — cos d). 

Now since the string becomes slack in this position, 

^ ^ mg cos e, 
a 

or v* = ag cos 0, 
ag cos B = 2<^(i — cos 6), 
cos ^ == f , 

the height above C is a cos $ or jja. 

In the position Q where CM =5= AM'= ~, /^ACQ == 60®, and the 
velocity v is given by 


2 


The tension in the string is 


mg cos 60® -F — , 

Img -F yng « Img pdls. 


VOL. 1 . — 9 
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Example (ii). 

Show that the velocity with which a particle hanging from a fixed point 
by a string of length a must be started so as to describe a complete vertical 
circle must not be less than V $ag. The particle is started with a velocity 
2 Vag, and when the string is horizontal is held at such a point that 
the particle just completes the circle. Where must the point be situated 
on the string ? (I K-) 

Tlie result in the first part of the question was obtained in the 
general discussion in § i66. We can, however, obtain it without con- 
sidering the intermediate inclined positions of the string. 


B 



Fig. io8. 


Let A (Fig. io8) be the lowest and B the highest points of the circle 
whose centre is C the point of suspension. 

Let V be the velocity at A, and v that at B, then 

y2 _ __ ^ag. 

Now if the particle is to describe the complete circle, the string 
must be just taut when the particle reaches B, 

must not be less than mg, 
a 

or v^ ag, 

V‘ - 4ag < ag, 

F* sag. 

If F = 2 V ag, the velocity j' when the particle is level with the 
centre at D is given by 

t/* = 4ag — 2ag = 2ag. 

If the string is now held at a point O distant x from D, and the 
particle is just to complete the vertical circle about O as centre, the 
string must be just taut when the particle is vertically over O, i.e. at 
a height x above O. Now at this height its velocity u is given by 

w* = — 2gX, 

= 2ag — 2gX, 


and as the string is just taut. 
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or = gx, 

gx = 2 ag — 2gX, 

= ^ag, 

;r = la. 

Example (iii). 

A particle is hanging from a fixed point by a light cord 3 feet long, and 
is started moving with an initial horizontal speed such that the cord slackens 
when the particle is 5 feet above its lowest point. Find how much higher 
it will rise. 



Fig. 109. 

Let C (Fig, 109) be the point of suspension, A the lowest point of 
the vertical circle with C as centre. 

The cord slackens in the position CP where cos 6 — 1 . 

Now if z; is the velocity at P, then, since the cord slackens, 

mg cos 6 , 

3g cos e = 2g, 
y/2g = 8 ft, /sec. 

The particle now moves as a free projectile, its initial velocity being 
8 ft. /sec. along the tangent PT, and inclined to the horizontal at an 
angle cos-^§. 

The vertical component of its velocity is 
8 sin 0 == JV5 ft./sec. 

If h is the height it rises, 

o = V 5 - 

A = t ft. 


mv^ 

1 

= 

.*. v — 


Example (iv). 

A parti cle aUached to a fixed point O by an inelastic string of length r 
is fall from a point in the horizontal through O at a distance r cos 0 
from O, Show that the velocity of the particle, when it is vertically below 
O, is V2gr(i — sin^B), (H.S.D.) 
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F'ig. ho. 

Let OA (Fig. no) be horizontal and equal to r, OB vertical and 
equal to r, and let P be the .point in OA from which the particle is 
let fall. 

Then, since OP = r cos 6 , the particle reaches the circle through A 
and B whose centre is O, at a point Q such that Z.POQ — B. 

At this point the particle has fallen a vertical distance PQ, which 
is equal to r sin 6 , hence its velocity u is given by 

— 2gr sin B. 

Now when the string becomes taut, all velocity in the direction of 
th6 string is destroyed, and the particle begins to move along the arc 
QB with a velocity equal to the component of u perpendicular to OQ, 

i.e. u cos B. 

Hence, if v is the velocity in the circle at Q after the jerk, 

1/2 = 2gr sin B cos* B. 

When the particle reaches B it has descended a further vertical 
distance r — r sin B = r{i — sin B), and its velocity V is given by 

F* = t/* q- 2 gr{i — sin B), 

~ 2gr sin 6 cos ^B -f 2gr(i ~ sin B), 

— 2 gr{s\n B — sin* B 4 i — sin B), 

= 2gr(i — sin* 6 ), 

V = V2gr(\ — sin* B). 

EXAMPLES XXXIIL 

1. A mass of 2 oz. is attached by a string 4 feet long to a fixed point, 

and is describing a circle in a vertical plane round that point. Find 
the least velocity at the lowest point in order that the mass may 
make complete revolutions. Find also the tension of the, string in 
this case when the mass is 2 feet below the horizontal diameter of 
the circle. (I S.) 

2. A heavy particle is free to move in a vertical circle of radius I ; the 
particle is projected with velocity u from the lowest point A of the 
circle, and just reaches a point B ; show by applying the principle 

of energy that u ~ . AB, (I.S.) 

3. A mass of i gm., hanging by a string i metre long, is swinging as a 
pendulum through an arc of total magnitude i radian. Find tfie 
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central acceleration and the tension of the string when the mass is 
passing through its lowest point. (LS.) 

4. A weight, attached to an inextensible string, is whirled in a vertical 

circle of 2 feet radius. If the greatest and least tensions of the 
string are in the ratio of ii : i, calculate the least velocity of the 
weight (approximately). (I.A.) 

5. A mass of 0-5 lb. is attached by a light string 3 feet long to a fixed 
point. The string is held taut and horizontally, and file mass is 
allowed to fall. Find the speed of the mass when the string makes 
an angle 6 with the horizontal. Find also the tension of the string 
when it is vertical, and when it makes an angle of 30° with the 
vertical. 

On passing through the lowest point the mass catches up a ring 
of mass 0*25 lb. at rest and carries it on. How high will the two 
masses rise ? 

6. A weight of 2 lb. is whirled round in a vertical plane with a constant 

speed of 20 ft. /sec., at the end of an elastic cord. The natural 
length of the cord is 6 feet, and it extends i foot for every 7 lb. of 
tension. Find the length of the cord at the top and bottom of the 
path of the weight. (I.E.) 

7. A heavy particle at the end of a tight 4 foot string, the other end of 
which is fixed, is let fall from a horizontal position of the string ; 
when the string is vertical it encounters an obstruction at its middle 
point so that tihe particle continues in a circle of 2 feet radius. Find 
how high the particle will go before the string becomes slack. 

(H.S.C.) 

8. A motor car, weighing i ton, runs under a bridge at 30 m.p.h., the 

roadwa)’^ being in the form of an arc of a circle of radius 63 feet. 
Find the reaction between the car and the road at the lowest point 
of the arc. (H.S.C.) 

9. The roadway of a bridge over a canal is in the form of a circular arc 

of radius 50 feet. What is the greatest speed (in m.p.h.) at which 
a motor cycle can cross the bridge without leaving the ground at 
the highest point ? (I S.) 

I o. A particle, of mass m, oscillates through 1 80° on the inside of a smooth 
circular hoop of radius a fixed in a vertical plane. If v is the speed 
at any point, prove that the pressure on the hoop at that point is 

(H.C.) 

1 1 . A ball of weight W hanging at the end of a cord of length a is given 
a horizontal velocity v. Find the tension in the cord immediately 
the ball starts moving. 

If the cord is 8 feet long, what initial velocity would double the 
original tension ; how far would the ball rise in that case ; and what 
would be the tension in the cord at the moment when the ball reached 
its highest point ? (H.S.C.) 

12. A heavy particle hangs by a string of length a from a fixed point O 
and is given an initial horizontal velocity V 2gh, Prove that, if the 

particle makes complete revolutions, h is at least equal ; that 
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if the string becomes slack h is between a and ^ ; and that in this 

2 

latter case the greatest height reached above the lowest point is 


(4a ~ h)(a + 2^)* 

___ 


(H.S.C.) 


13. A stone of mass i lb. is whirled round in a horizontal circle at the 
end of a string 3 feet long, whose other end is fixed. If the string 
can only stand a tension of 8 lb. wt., what is the greatest velocity 
which the stone can have and how many revolutions does it' make 
per second in this case ? 

If the stone is whirled round in a vertical circle what is the great- 
est velocity that the stone can have at the highest point of its path 
in order that it may describe the complete circle without the string 
breaking ? (I E ) 

14. A rope 20 feet long has one end A attached to a fixed point and at the 

other end B carries a small mass of 100 lb. The rope is held taut 
and horizontally and the mass allowed to fall. Calculate the tension 
when the rope is vertical. In the vertical position the rope catches 
against a peg 12 feet below A, so that the mass begins a new path 
of radius 8 feet. Show that the tension in the rope is thereby doubled 
and find whether or no the mass will describe a complete circle 
about the peg as centre. (Q E.) 

15. A smooth circular tube is held fixed in a vertical plane. A particle 

of mass m, which can slide inside the tube, is slightly displaced from 
rest at the highest point of the tube. Find the pressure between 
the particle and the tube when it is at an angular distance B from 
the highest point of the tube. Also find the vertical component of 
the acceleration of the particle when ^ 120®. (C.S.) 


16. 


^ 7 - 


A particle hanging by a light string of length I from a fixed point O 
is projected horizontally from its lowest position with velocity 



Prove that the string slackens after swinging through 120°. 


(C.S.) 


A heavy particle P is attached by two unequal light inextensible 
strings to fixed points A, B in the same horizontal line, and is pro- 
jected so as just to describe a vertical circle. When P is in its lowest 
position the string PB breaks, and P then describes a horizontal 
circle. Prove that the angle PAB is J cos~^ f. Prove also that, if 
the tension of the string PA is unchanged when the string PB breaks, 
the angle APB is a right angle. (C.S.) 


18. A mass of i lb. is attached to the end of a string which is 20 inches 
long and is tied to a fixed point A. Initially the string is horizontal 
and the mass allowed to fall. Determine the tension in the string 
when the mass is vertically below A. 

If the string catches against a peg B vertically below A so that 
the mass begins to describe a circle about B, find the least depth of 
B belpw A in order that the mass may describe a complete circle 
about B, (C.S.) 

19. A particle slides, from rest at a depth ^ below the highest point, down 
the outside of a smooth sphete of radius r ; prove that it leaves the 
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sphere at a height ~ above the centre. Show further that when the 

3 

particle is at a distance y ^/2. from the vertical diameter of the sphere 
it is at a depth 4^ below the centre of the sphere. (C.S.) 

20. A string with equal heavy particles at the ends lies over a smooth 

fixed pulley. In the position of equilibrium each particle is level 
with the centre of the pulley. One particle is slightly displaced 
downwards, so that the system moves under gravity. Find the 
pressure exerted by the second particle on the pulley as it passes the 
highest point, and prove that it leaves the pulley when it has 
traversed an arc of about io8J°. (H.S.C.) 

21 . A smooth wire circle of given radius is in a vertical plane and a par- 
ticle is projected with velocity ti upwards along the wire (1) inside at 
an angular distance a, with the vertical, (2) outside at an angular 
distance with the vertical. Show that, if the particle does not 
leave the wire at starting, 

ga cos a2 > w* > ga cos aj. 

If dy, ^2 angular distances at which the particle leaves the 

wire in the two cases, show that 

cos — cos ^2 — I (cos a, -- cos a2). (H.S.C.) 

22. Two particles m and m' begin simultaneously to slide down a smooth 

circular tube whose plane is vertical, starting from the extremities 
of a horizontal diameter, so that they collide at the lowest point. 
Show that the vertical heights to which they rise after impact are 
in the ratio [( 2 e -|- T)m' m]^ : [(2^ + i)m where e is the 

coefficient of restitution between the masses. (I A.) 

23. CA is a cord 10 feet long, fixed at C, having a weight of 10 lb. attached 

at A. When the cord is horizontal the weight is let go, and when 
the cord becomes vertical it strikes against a peg 6 feet below C. 
Show that the tension in the cord just after striking the peg is double 
what it was just before striking. Show also that the weight will 
complete the circle about the peg. (C.S.) 

2^, A heavy particle is tied to one end of an inelastic string 6 feet long, 
the other end of which is attached to a fixed point O. The particle 
is held, with the string tight, at a point 3 feet above O and then let 
fall ; find the velocity of the particle immediately after the string 
again becomes tight, and the height above O to which it subsequently 
rises. 

25. A heavy particle is suspended as a simple pendulum by a string of 
length a. When in its lowest position it is projected horizontally with 
a velocity equal to that which it would acquire by falling freely 
through a height h. Show that, if the string becomes slack during 
the subsequent motion, it does so when the particle is at a vertical 
height f (A — a) above the fixed end of the string. 

26. A particle is attached by a string 2 feet long to a point O, and it is 

projected horizontally with a velocity of 1 2 ft. /sec. from a point 2 feet 
vertically above O. Prove that the string will remain tight while 
the particle describes complete vertical circles. But if the string 
will not stand a tension of more than 5 times the weight of the par- 
ticle, prove that it will break and find the vertical distance below O 
of the particle when the string breaks. (Ex.) 
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27. A particle, suspended from a fixed point by a string of length a, is 

projected horizontally so as to describe part of a circle in a vertical 
plane ; show that if the parabolic path of the particle after the string 
becomes slack passes through the original point of projection, the 
velocity of projection is Qga)^. Show that in the subsequent 
motion the particle oscillates between two points at vertical height 
^ above its original position. (H.C.) 

28. A smooth semi-circular rim is in a vertical plane with the diameter 

AB vertical. A particle is projected along the rim from the lowest 
point A with velocity u. Find the angle the radius to the particle 
makes with the vertical when the particle leaves the rim. Also, 
find the value of u in order that after leaving the rim the particle 
may describe a parabola with latus rectum equal to the diameter of 
the semi-circle. In that case, where is the focus ? (E^ ) 

29. A particle describes a circle of radius a in a vertical plane, moving 
round at the end of a taut string fastened at the centre. If the 
velocity of the particle as it swings past the lowest point of the circle 
is Vo, prove that the tension in the string when it is inclined at an 
angle 6 to the radius to the lowest point is 

cos 0 - 2g + 

If 5g^ > ^ 0 ^ > 2ga, prove that the string becomes slack before 
the particle reaches its highest point. 

What happens (i) when Vq^ > 5ga, and (ii) when v®* < 2ga ? 

(N.U.3) 

30. A smooth circular cylinder is fixed with the axis horizontal, and a 
string placed over the cylinder at right angles to the axis has particles 
m, M tied to its ends. These particles rest against the cylinder ; 
the radius to the first is horizontal, that to the second makes an 
angle a with the vertical, and they are on opposite sides of the axis. 

If w < M sin a, find the speed of the particles in any position 
after they have been released from rest and while they are both 
still in contact with the cylinder ; and prove that when M leaves 
the cylinder the radius to it has turned through an angle 6 which 
satisfies the equation 

sin 9 [(^M -f m) sin a — zm] -= cos a [(3M f m) cos 9 — zM]. 

(N.U.4) 
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SIMPLE HARMONIC MOTION. 


§ 160 . In the case of bodies such as a tight string, a weight 
hanging from a spiral spring, or the prong of a tuning-fork, it is 
found that, when the body is disturbed from its equilibrium position, 
it moves in such a manner that each part of the body has an accelera- 
tion which is always directed towards the equilibrium position and 
varies in magnitude as the distance of the particle from that position. 
The result is that the body oscillates to and fro about its equilibrium 
position. 


§ 170 . This kind of motion is very common in nature, and since 
it is the kind which produces all musical notes it is called Simple 
Harmonic Motion (abbreviated to S.H.M.), which may be defined 
as follows :■ — 

When a particle moves so that its acceleration along its path is 
directed towards a fixed point in that path, and varies as its distance 
from this fixed point, the particle is said to move with simple harmonic 
motion. 

Let X be th‘e displacement from a fixed point O in the path, and 
loH the magnitude of the acceleration towards O at this distance, 
where co is some constant, then, since the acceleration is in the 
opposite direction to that in which x increases, we have 


dH 

dfi 


— -T ojI^x 


(i) 


This is the fundamental equation representing a simple harmonic 
motion. 


§ 171 . We shall consider first the case when the motion takes 
place in a straight line, but it may be pointed out at once that any 
motion which can be represented by an equation like (i), where x 
is a displacement from a fixed position, is simple harmonic. For 
example, x may be the distance of a point P on a curve measured 
from a fixed point on the curve along the curve, and then P will 
move along the curve with simple harmonic motion. 

Again, x may be the angle made by a line fixed in a body, which 
is moving about a fixed point O as axis, with some line through O 
9 * 253 
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fixed in space. The body will then move about O with simple 
harmonic motion. 

Mathematically, the solution of equation (i), i.e. the value of x 
in t(*rms of /, is always of the same form, and when x represents a 
displacement of any kind from a fixed position, the equation re- 
presents the same kind of motion wladher a: is a straight, curved, or 
angular d i s pi a cemen t . 


§ 172. Simple Harmonic Motion in a Straight Line. 

A O P A 

Fig. hi. 


Li t () (Fig. Ill) be a fixed point in a straight line A'OA, and let 
a point P move along the line with S.H.M. about O. 

Then, if OP x, the acceleration of P is towards O and equal 
to where oj is some constant, 


’ ' dt^ 


— ix)H 


dv 

or V — — to^x 

dx 

Integrating equation (ii) we get 

4 C . 

Now, if X a when v - o, 

C - 

and V- aj^(a^ — x^), 

or V “ coV — X“ . 


(i) 

(ii) 


(iii) 



This equation gives the value of the velocity v for any displacement 
X. The maximum value of x is a, i.e. the maximum displacement 
from O is equal to a, and this is called the amplitude of the motion. 

When X a, v is zero. Also when x ^ ~ a, v is zero. 

Hence, if OA - a, P moves between A and a point A' on the 
other side of O, such that OA' ~ OA ~ a ; it then stops and returns 
to A. The maximum velocity is when x o, i.e. at 0, and then 


V = wa. 

The maximum values of the acceleration arc when x — 
when P is in its extreme positions. 

The values of the maximum accelerations are i co^a. 


§ 173. To find the connection lietween x and t we have to solve 
dx 

equation (i), or put v j^in equation (iv) and solve the resulting 
equation. 
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The method of doing this is explained in the next paragraph, 
and it is found that the result depends on whether we measure i 
from the instant when P is in its extreme position A, or in its central 
position O. If t is measured from the instant when P is at A, the 
solution is 

X ~ a cos cot ... . (v) 

If/ is measured from the instant when 1* is at O, th(^ solution is 
X ~ asincot . . . . (vi) 

It can easily be verified by differentiation that either of these 
values of a: satisfies equation (i), and they also satisfy the initial 
conditions stated. 

The first gives x a when / = o ; the second gives a: ^ o when 
t = o. 

27T 

If t is increased bv — in either (v) or (vi) we get the same 
a> 

value of X again, for cos(aj/ -f ztt) - cos cot, and sin(a»/ 27t) — sin 
cot. 

d X 

This increment in I also gives the same values again for 

2tt 

Hence, after successive intervals of time — , the point P is in 

CO 

the same position moving with the same velocity. 

— is therefore called the Period of a complete oscillation. 

CO 

It should be noticed that this is independent of a, the amplitude* 
of the motion ; it depends only on the value of the constant co. 

The time taken to move from the initial position to that gi\en 
by the displacement x is 

I ^1 AT I . . X 

— cos ^ ™ or - sin" ^ 

CO a CO a 


according as the initial position is the extreme or central one. 

The point is, of course, in the same position after any further 

interval of time , where n is a whole number. 

CO 


dH 


§ 174 . Solution of the Equation ^ 


~ co'^x. 


In § 172 we obtained the value of r or yj by using for the 


acceleration instead of 


dH 

dt^' 


dx ^ 

di 


coy/ 
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To integrate this equation we write it 

dx 


Va^ 


(x)dt» 


The integral of the left-hand side is sin'^^ 


sin’ 


wi -f A, 


wheri' A is a constant to be determined from the initial conditions. 
If -v a when t o, 

. a TT 

A =r sin"^;; = 

a 2 ' 

. Tf 

sin“^ - — - = coi, 
a 2 

TT X 

but - le ss than the angle whose sine is - is the angle whose cosine 


IS 


If A' 


COS“^ - ” cot, 
X a cos cot, 
o when t o, A — o, and then 


T—l _ 

a 

\ X a sin cot. 


§ 175. If the time is measured from an instant t' seconds after 
the particle is in its extremt* position, we have x ~ a when t — — t\ 

TT 

and the constant A of the last paragraph becomes A == - -j- cof. 

2 

Sin“^ - — - — -f a>/ , 
a 2 * 

cos“^ - = cof + €, where c = cot' , 

. \ X ^ a cos (cot + c) . 

Similarly, if a: o when t ~ — t\ A — cot', and 

X 

sin”^" = col “!* wi\ 

a; = a sin (cot f c). 

'i'he quantity e is called the Epoch, 

The phase of the motion is the time that has elapsed since the 
particle was at its maximum distance in the positive direction. 
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Taking x ^ a cos (wi + c), 

is a maximum at time where 

ojIq + € ” o, 

.... € (x)t €. 

the phase at time / is / — L — / -| — — . 

CO CO 

For two harmonic motions of the same period given by 
X ^ cos (oit + €i), 

— ^2 cos (wt -f € 2 ) . 

the difference in phase is — 

CO 

If €1 — ^2 the motions are in the same phase. If €i ~ -- - tt, 

they are in opposite phases. 


§ 176. It should be noted that the equation 

■ 


co^x 4 - h, 


also represents although not about the origin from w4ich 

X is measured. 

If we move the origin to the point x ~ the new co-ordinate 
x' becomes x — 

(or 

d^^dH 
’** dt^ dt^' 

and — cj^x h — — — h + h ^ — co^x , 

. dH' .. 

and the motion is harmonic about the new origin. 


§ 177. The results obtained in the preceding paragraphs are of 
great importance as, although we obtained them for motion in a 
straight line, they hold, as already explained, whatever kind of 
displacement x represents. 

The results are collected below for reference. 

If a is the amplitude of a simple harmonic motion, x the dis- 
placement from the central position at time /, v the velocity at this 
displacement, 

V = 

X = a cos cot (if t = o when x ~ a) 
x ~ asin cot (if i == o when x = o). 

The period J = — . 

CO 


VOL. I. 
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cu is the square root of the constant which when multiplied by the 
displacement gives the magnitude of the acceleration. 


§ 178 . Example (i). 

If the period of a simple harmonic motion is 8 seconds, and the particle 
oscillates through a distance of 4 feet on each side of the central position, 
find the maximum velocity, and also the velocity when the particle is 2 feet 
from the central position, giving each result to the nearest l^^th. (I S.) 

Since the period 


T 


2it 

(JO* 


The amplitude 


“ 7’ 8 ■' 4' 

a = 4 ft. 


The velocity at displacement x is 

V — (joy/ a^ — x^. 


The maximum velocity^ is when x ~ o, and then 


cua 


When X 2 ft.. 


~Vi6 

4 


X 4 = 3*1 ft. /sec. 


- V12 — 27 ft. /sec. 


Example (ii). 

If the displacement of a moving point at any time be given by an 
equation of the form 

X — a cos cut -f 6 sin oot, 

show that the motion is a simple harmonic motion. 

If a ~ h ~ CO — 2, determine the period, amplitude, maximum 
velocity and maximum acceleration of the motion. (ES.) 

We have to show that the acceleration varies as the displacement. 
Differentiating the value given for x with respect to 

. I. 

= — Uto Sin tut -f" cos tut . , 


dt 

Differentiating again, 
d*x 


(i) 


dt^ 


— — aw* cos wt — bw* sin wt, 

— — w*(a cos cut b sin cut) 

~ — cu*x . . . . 


(ii) 


Hence the motion is simple harmonic. 

The period *= — , 

and if uj — 2, this is equal to tt ~ 3*14 seconds. 
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The amplitude is the value of x when 


dx 


o, and then from (i). 


— aw sin wt -i- bw cos wt = o, 
b 

tan cu/ “ ~ 

sec® = I -f 
cos wi = and sin wt — i. 

Substituting in the expression for x, 

X ~ a cos wt b sin wt 
= V + V = 5 ft. 

Also ^ is a maximum when the differential coefficient of the right- 
hand side of (i) is zero, i.e. when 


or 


a cos wt d- b sin wi = o, 

tan cot ^ — T ^ ■” J 
b 


In this case 


and 

or 


sin wt 
dx _ 
dt ~ 


± 5* , cos wt ^ T 1 , 

- 6 . - 8 . * - lo. 


= 6 . -f 8 . i = lo. 


The maximum acceleration is when x is a maximum, i.e. when 
X = 5, and then 


d^x 

di^ 


— (jO^X ~ — 20 . 


Kxampli: (iii). 

At the ends of three successive seconds the distances of a point moving 
with S.H.M . from its mean position, measured in the same direction, arc 
I, 5 and 5. Shoxv that the period of the complete oscillation is 

— — seconds, (H.S.C.) 

COS”' 

Using X ^ a sin wi, 
we have i — a sin wt, 

5 — a sin (ci>t -j- <o) ~ sin wi cos w 4- u cos wt sin w, 

5 - a sin (wt 4- iw) ^ a sin wt cos 2 a> 4- ^ cos a>/ sin Zw. 

Substituting for a sin wt in the last two equations, 

cos CO 4 CL cos wt sin w ^ 
cos 20 ) 4- ^ cos wt sin 2 o> = 5 
.-.sin 2w cos w + a cos wt sin w sin zw = 3 sin Zw 
sin w cos Zw A - Cl cos wt sin zw sin w — 5 sin o>, 
sin 2 o; cos w — cos 20; sin cu == 5 sin 2 o> — 5 sin w, 

. . sin o) -- 5 sin 20^-5 sin w, 

6 sin w = 10 sin oi cos o>. 

This gives sin w — o, or cos o# ~ g . 


(i) 

(ii) 
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If sin oj = o, (o must be zero or a multiple of tt, and these values 
do not satisfy equations (i) and (ii) so that they may be rejected. 
The other value gives co = cos“^ g, 

and the period = — 

o) cos-* 

Example (iv). 

A point P moves in a circle with uniform angular velocity u) about 
the centre O. If Q be the orthogonal projection of P upon a fixed diameter, 
show that Q moves along the diameter with simple harmonic motion. 



Let AOA' (Fig. 112) be a diameter of the circle, a the radius, and 
suppose that P is moving in the direction APA'. 

The velocity and acceleration of Q must be the same as the compon- 
ents, parallel to AA', of the velocity and acceleration of P. 

Now the acceleration of P is acu* in the direction of PO. 

Hence, if Z.POQ = B, the component parallel to AA' is aw* cos B, 
the acceleration of Q = aai* cos B towards O. 

If OQ = at, cos ^ 


the acceleration of Q — w^x towards O. 

Hence the motion of Q is a simple harmonic motion along AA'. 
The various formulae for S.H.M. obtained in the preceding para- 
graphs can be deduced from the motion of Q. 

The velocity of P is aw along the tangent PT, and the component 
parallel to AA' is aw sin B, hence, if v is the velocity of Q, 


ao) sin 


/ 

■>in B — aw \ ^ = 


O) 


Va* 


It is evident that as P moves round the circle from A to A' and back 
to A, Q moves from A through O to A' and back to A. 

The time taken from A to A' and back to A is the same as that 

t^ken by P to describe the circle, i.e. — ; hence, if 7 ' is the period of a 

complete oscillation of Q, 

rr' 2 W 
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The time, t, taken for Q to move from A to a point distant x from 

B 

O is the time taken by OP to move through the angle B, i.e. 



EXAMPLES XXXIV. 

1. A particle moves in a straight line with simple harmonic motion ; 
find the time of a complete oscillation when (i) the acceleration at 
a distance of 4 feet is 8 ft. /sec.*, (2) the acceleration at a distance of 
9 inches is 12 ft. /sec.*. 

2 . The amplitude of a particle moving with S.H .M. is 5 feet, the accelera- 
tion at a distance of 2 feet from the mean position is 4 ft. /sec.*, find 
the velocity when the particle is in its mean pKjsition, and also when 
it is 4 feet from this position. 

3. A particle, moving with S.H.M., has a velocity of 6 ft. /sec. when 
passing through its mean position, and the acceleration at 2 feet from 
the mean position is 8 ft. /sec.*. Find the amplitude and the period 
of the oscillation. 

4. A point, moving with S.H.M., has velocities of 4 ft. /sec. and 3 ft. /sec. 
when at distances of 3 feet and 4 feet from its central position. Find 
the period, and the maximum acceleration. 

5. A particle is moving with S.H.M. of period tt seconds, and the maxi- 
mum velocity is 8 ft. /sec. Find the amplitude and the velocity at a 
distance of 3 feet from the central position. 

6. If a particle is making simple harmonic oscillations, the period being 

2 seconds, and the amplitude being 3 feet, find the maximum velocity 
and the maximum acceleration. (H.S.D.) 

7. A particle starts from rest, and moves with S.H.M. with a period of 

2T. Show that it describes J of the distance before it next comes to 
instantaneous rest in J of the time T, and attains half of its maximum 
velocity in J of the time T. (I.S.) 

8. A particle moving with S.H.M. passes through two points A and B, 

22 inches apart, with the same velocity, having occupied 2 seconds in 
passing from A to B ; after another 2 seconds it returns to B. Find 
the period and amplitude of the oscillation. (I A.) 

9. A particle performs 150 complete simple harmonic oscillations per 
minute, and its greatest acceleration is 10 ft. /sec.* ; find its greatest 
velocity and the distance between the extreme positions. (I S.) 

10. A point is moving in a straight line with S.H.M. about a fixed point O 
of the line. The point has a velocity 14 when its displacement from 
O is x^, and a velocity v, when its distance from O is x^. Show that 
the period of the motion is 



II. The velocity of a particle moving in a straight line is given by the 
equation 

V — kVa^ — X*, 

where k and a are constants, and x is the distance of the particle from 
a fixed point in the line ; prove that the motion is simple harmonic, 
and find the amplitude and the periodic time of the motion. (LL*) 
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12. A particle is performing a simple harmonic motion of period T about 
a centre O, and it passes through a point P with velocity v in the 
direction OP ; prove that the time which elapses before its return 
to P is 


tan - ^ 


vT 

2 7rOP’ 


(I.S.) 


13. If the speeds of a point moving with S.H.M. at distances .\\ and 

from the centre of motion be and v.,, find the periodic time, tlie 
amplitude, and the maximum speed and maximum acceleration. 
Calculate the numerical values if x^ - - 2 feet, x^ — 3 feet, r', - 5 

ft. /sec., ^ ft. /sec. (I.E.) 

14. Prove that, in S.H.M. , if / is the acceleration and v the velocity at 
any moment and T is the periodic time, then/*T* + 4^*7^=* is constant, 
and find the numerical value of this constant for a motion whose 
periodic time is 2 seconds and in which the amplitude is 2 feet. 

(H.S.D.) 

15. A body, moving in a straight line GAB with S.H.M., has zero velocity 
when at the points A and B whose distances from O are a and b 
respectively, and has velocity v when halfway between them. Show 
that the complete period is 

(H.S.D.) 

If 


16. A point P describes a circle of radius a and centre O, with uniform 
angular velocity co ; show that a point Q which describes a diameter 
AOB of the circle, so that PQ is always perpendicular to AOB, has an 
acceleration which is proportional to OQ. 

If Q,, Q2 are points bisecting OA, OB, find the time the point Q 
takes to travel from Qi to Q^, and the velocity of the point Q at Q* 
and at Qi. ^ (I.S.) 

17. In a particular S.H.M. the number of complete oscillations is 45 per 

minute. The velocity at a point i inch away from the mean 
position is i ft, /sec. Calculate the greatest distance reached 
measured from the mean position. If A and B are two points 
distant I inch and 2 inches from the centre of motion respectively, 
find the time occupied in going from A to B. (Q E.) 

18. A point moving with S.H.M. is making 3 complete oscillations per 

second. The extent of the motion on either side of the mean position 
is 2 inches. Calculate the maximum velocity and maximum accelera- 
tion. Find also the velocity and acceleration when the point is 
I inch distant from the centre. (Q E.) 

19. Show that in S.H.M. the mean velocity (during motion from one end 

of the path to the other) with respect to the distance is - x the 

4 . 

maximum velocity, and with respect to the time is 5 x the maximum 

rr 

velocity. (Q-E.) 

20. A particle is moving v/ith S.H.M., and while making an excursion 
from one position of rest to the other, its distances from the middle 
point of its path at three consecutive seconds are observed to be x^, 

: prove that the time of a complete oscillation is 
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21. A particle moving with acceleration — ^ix has co-ordinates and 
x.j^, and velocities and at any two moments. At the moment 
midway in time between them its co-ordinate and velocity are x 
and V ; show that 

X j X ^ V 

— Vi ~ 

and that 


4- ^ 3 _ f 
4 - v\ “ V 


(H.C.) 


2 2. If a be the amplitude and n the number of complete oscillations per 
second in S.H.M., find the velocity in any position in terms of (i) 
the distance from the centre, and (2) the time that has elapsed since 
the moving particle was at rest. Show that the time that elapses as 
the particle moves from the position of maximum velocity to the 

position in which the velocity is half the maximum is ~ seconds. 


23. A circle of radius a rolls with uniform angular speed on the inside of 
a fixed circle of radius 2a. Prove that any point on the circum- 
ference of the moving circle describes a straight line with S.H.M. 

(I.E.) 

24. A piston weighing 20 lb. has a stroke of 4 feet. Using the line of 

motion as the axis of x, make graphs to show the value of the 
velocity and of the accelerating force at any point of the stroke, 
assuming the motion to be S.H.M. (I E ) 

25. A point P moves in a straight line through a fixed point O in such a 
manner that its acceleration at each instant is towards O and equal 
to fx, OP ; prove that the velocity is V fi(OA^ — OP^), where A is 
one of the points where P comes to rest. 

If Q is the point on OA such that 2 00 * = OA^, show that the 
time from O to Q is the same as the time from Q to A. (I S ) 

26. A heavy smoked glass plate is dropped past the end of a vibrating 
tuning-fork, making n complete simple harmonic oscillations j)er 
second, and by means of a light style attached to the fork a rippling 
trace is obtained on the plate. The vertical length of a certain 
10 consecutive ripples is found to be I cm., and of the next 10 is 
found to be V cm. Deduce that the value of g is 

cm. /sec.* (I-A.) 


27. A particle performs 150 complete simple harmonic oscillations a 

minute and its greatest acceleration is 10 ft. /sec.* ; find (i) its 
greatest velocity, (2) its mean velocity during the motion from one 
extreme position to the other. (Q E.) 

28. A point is moving in a straight line with S.H.M. Its velocity has 

the values 3 ft. /sec. and 2 ft. /sec. when its distances from the mean 
position are i foot and 2 feet respectively. Find the length of its 
path and the period of its motion. Find also, correct to the third 
significant figure, what fraction of the period is occupied in passing 
between the specified points. (Q E.) 

29. A particle describing S.H.M. does 100 complete vibrations per 
minute, and its velocity in passing through its mean position is 
15 ft./sec. What is the length of its path ? 
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What is its velocity (i) when it is half-way between its mean 
position and an extremity of its path, (ii) at a time after leaving its 
mean position equal to half the time required to reach an extremity 
of its path ? (Q E.) 

30. If == a sin (col -f- e), where a, co, e are constants, prove that ir = — 
co^x. Conversely, if x = — co*x prove that x ^ a sin ({jot -f- €), 
where a and c are arbitrary constants. 

In particular solve 4 ? — — i6;r, given that = o, x — 20 when 
I - o. (I.C.) 

31. A point is moving in a straight line with S.H.M. Its velocity has 
the values 5 ft. /sec. and 4 ft. /sec. when its distances from the ‘mean 
position are 2 feet and 3 feet respectively. Find the length of its 
path and the period of its motion, taking rr = 3* 14 16. 

Determine what fraction of the period is occupied in passing 
between the two points if they are on opposite sides of the mean 
position. (N.U.3) 

32 . A particle oscillates in S.H.M. oh a line 6 inches long with a frequency 

of 2000 oscillations per minute. Calculate the greatest velocity and 
the greatest acceleration of the point each in ft. /sec. units. [Take 
^ = 3-1416.] (N.U.3) 

§ 179. Force necessary to produce Simple Harmonic Motion. 

Since the force P required to produce an acceleration of / in a 
mass m is measured b}^ w/, it follows that (if w is constant) P must 
obey the same law as /. Hence, in the case of simple harmonic 
motion, the force must be always directed towards the central or 
equilibrium position, and its magnitude must be proportional to 
the displacement from that position. 

The force tending to restore an elastic body to its natural shape 
or size is generally of this nature, e.g. the force exerted by a spiral 
spring when extended or compressed. 

§ 180. The simplest case is that of a particle on a smooth hori- 
zontal plane attached by a spring to a fixed point in the plane, 
the particle being displaced in the direction of the length of the 
spring. 

A C' B P C 

• . K-3g-H . 

Fig. I 13. 

Let A (Fig. 1 13) be the fixed point, AB the natural length of 
the spring (/), and A the modulus of elasticity of the spring. 

If a particle of mass m is attached to the end B, then B is the 
equilibrium position, and if the particle is displaced along the line 
AB it will oscillate about B. 

If P is any displaced position of the particle, where BP = x, 
the tension, acting towards B, is 
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and this is the only force acting on m which tends to produce 
motion along the line AB. 


dH 

A 


-f’ 

dH 

A^ 

if* 



The motion about B is therefore simple harmonic, and the 

constant in the standard form of the equation is replaced by — 

ml 

The jx!ri()d of oscillation is therefore 


^ Itnl 

Wt- 


It is evident that the constant, and therefore the period of the 
motion, depends only on the material and length of the sj)ring and 
the mass of the particle, and not on the amplitude of the oscillation. 
If the particle is pulled out to a point C(BC ~ a) and then let go, it 
will move through B to a point C' at an equal distance on the other 
side of B and then back again to C and so on. The amplitude is 
equal to the distance from the equilibrium position at which the 
particle is released from rest. 


§ 181. Particle suspended by a Spiral Spring. 

AT 


B 

O 

Fig. 1 14. 

Suppose that a particle of mass m is suspended from a fixed 
point A (Fig. 114) by a spring of natural length I and modulus A. 
If AB == /, then when the particle is hanging in equilibrium it 
will extend the spring and be at a point O, where OB d) is 
given by 

mg = ~jd. 

If the particle is displaced vertically from O it will oscillate in 
a vertical line about O, and we can show that the motion is simple 
harmonic. This case is not so simple as that in the last paragraph. 
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since the weight of the particle is acting as well as the force due 
to the spring. 

If P is any displaced position of the j)article, and OP ~ x, the 
tension of the spring is given by 

r = + X). 

The resultant force acting towards O is 

T — mg =- ^-{d -I- x) — mg, 

but mg ~ ^d, 


the restoring force towards O is 



and is therefore proportional to the displacement from O. 
Hence the particle moves with S.H.M. about O. 


Also 


m 


.^x 

dt^ 

dH 

~dt^ 


A 

I 




ml 


The constant is again and the period will be 


/ 

27Tyl 


ml 

I* 


The amplitude will depend on the initial di.splacement. If the 
particle is pulled down a distance a below O and released it will 
rise to this distance above O and then descend again. 

Note . — It is most important to notice that the motion is har- 
monic about the equilihrium position O, and not about B. 

In the case of a spring it does not matter if the particle rises 
above B as the law for compression of the spring is the same as 
that for extension, and the motion is harmonic throughout. 

If the particle is suspended by an elastic cord instead of a spring, 
the working above holds as long as the particle is below B, i.e. as 
long as the string is stretched. 

If the particle ri.ses above B the part of the motion above B is 
simply free vertical motion under gravity. 

The particle will rise above B if it is pulled down below O through 
a distance greater than the permanent extension OB. 
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§ 182 . Example (i). 

A spiral spring is found to extend \ an inch for each additional pound 
of loading. It is hung up carrying a mass of 4 lb., and put in vibration. 
Find the period. (I-F-) 

A 1 


B 

O 

h'lo. 1 15. 

T.et AR (Eig. T15) represent the natural length (/) of the spring. 
The mass of 4 lb. will extend it 2 inches or J foot, so that in equilibrium 
the mass would hang at O where OR — i f(X)t. 

If A be the modulus of elasticity, 

A 1 

^ “ T ' 24' 

A 

•••7= 24^* 

If P represent any displaced position of the mass, and OP — x, 
the tension T is given by 

T = ^(i + X) 

+ X). 


the restoring force is T — ^g 

4g + 24 ^r - 4g 
^ 24g.r. 

the acceleration is 

24^ ^ 

“ ogx, 

the period is 

V I 2‘n V , 

= o— r- “ seconds. 

(yg SVi 

Example (ii). 

A light elastic string is .stretched by when a certain weight is suspended 
by it. Prove that, if the weight is displaced in a vertical line any distance 
not greater than e^, and set free, it will return to the initial position in time 
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Let m be the mass attached, A the modulus and / the natural length 
of the string. Since the weight mg stretches it a distance 

A 

wg ==-j ^0. 

. 

I ^0 

For a further extension x, the tension is 


■ji^a + x) ■ 


me 

-f 

c «i 


and the restoring force is 


mg 

--^x, 

^0 


g 

the acceleration is -x, and the motion is S.H.M. 

^0 

The time taken to return to the initial position from which the 


weight is released is a complete period and is therefore 2 7r 



Note. — It is stipulated in the question that the displacement is not 
greater than fQ, the permanent extension, so that the motion is simple 
harmonic throughout. 


Example (hi). 

A particle of mass m on a smooth table is attached to two points A 
and B of the table by means of two exactly similar stretched elastic strings. 
Prove that if the particle is displaced in the direction of the line AB, through 
such a distance that neither string goes slack, and is then released, it will 
perform simple harmonic oscillations. 

A C P B 

' — . 

Fig. ii6. 


Let /o be the natural length of each string, A its modulus, and I the 
stretched length. 

The equilibrium position of the particle is at C (Fig. ii6), the middle 
point of AB, and AC = CB = L 

Suppose the particle in a displaced position P, towards B, where 
CP = ;r. 

The tension in AP is 

T, = Ul - /. + X). 

and the tension in PB is 

r. =A(z - z, _ ;r), 

h 

the resultant force tending to bring the particle back to C is 

h 

the restoring force is proportional to the displacement, and the 
motion is simple harmonic. 



SIMPLE HARMONIC MOTION 


269 


The acceleration is 
and the period is 


X, 

mU 

“Vi- 


Note . — If the particle is displaced so far that one string goes slack, 
then for the part of the motion when both strings are tight the accelera- 
tion is as above, but for the part of the motion when one string is slack 

the acceleration is — rx. 


The complete motion is then made up of two simple harmonic 

V mlQ 


being described, but only a portion of the other. 


Example (iv). 

An elastic thread is fixed at one end to a point O in a smooth horizontal 
table. It passes through a fixed ring C, where OC is the unstretched length 
of the thread, and is attached to a small mass m which can slide on a fixed 
smooth horizontal wire. It is held at a point A on this wire and then re- 
leased. Show that it will perform simple harmonic oscillations and con- 
struct the other extremity of the path. (IS.) 



Let D (Fig. 1 17) be the point where the perpendicular from C meets 
the wire. Then D is the equilibrium position of m. 

If P is any displaced position of m, the extension of the string is 
CP, and if / is the natural length and A the modulus of the string, the 
tension T is given by 

T = jCP. 


If DP — X, and Z.DPC = d, the component of T along the wire is 
T cos 0 CP cos 6 ~j x. 

The force tending to move m towards 1) is therefore proportional 
to the displacement from D, and the motion is S.H.M. about D. The 
other extremity of the path will be at A' on the other side of D, where 
DA' = DA. 
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EXAMPLES XXXV. 

1. A spiral spring supports a carrier weighing 2 ll>., and when a 10 lb. 
weight is placed on the carrier the spring extends 2 inches. The 
carrier with its load is then pulled down another 3 inches and let 
go. How high does it rise, and what is the period of its oscillation ? 

(l.S.) 

2. A spring loaded with a certain weight is extended 1 inch when in 

ccjuilibriuni. Find the time of oscillation if the load is pulled ver- 
tically downwards thnnigh a further distance of half an incli and then 
let go. Find also the velocity and acceleration wdicn the weight is 
at a distance of ] inch below its etjuilibriuin position. (I-S ) 

3. A body weighing 12 lb. is suspended by a sj>ring and makes three 

complete vertical oscillations per second. Jdnd how far the spring 
would he stretched by a load of-io lb. hanging at rest. (LS.) 

.4 A particle’ of mass i lb. is acted ujion by a variable force which makes 
it move with S.H.M. the maximum speed attained is 5 ft. /sec. and 
the comjilcte period is 2 seconds, hind [a) the amplitude of the 
motion, and (b) the maximum rate at which the applied force does 
work (in ft. lb. per sec.). (LS.) 

3. A mass is suspended from a lixed point by a spiral spring and set 
in vertical o.scillation. Show that the period of an oscillation is 

where / feet is the extension of the sjiring produced by the 

weight of the attached mass. (LS.) 

/ f). An elastic string of natural length za can just support a certain 
weight when it is stretched till its whole length is . One end of 
the string is now attached to a point in a smooth horizontal table, 
and the same weight is attached to the other end and can move on 
the table. Prove that, if the weight is pulled out to any distance 
and then let go, the string will become slack again after a time 



7. If a particle describes a harmonic oscillation of amplitude a in 
complete period T, prove that it will be at a distance x from the 

B'V 

centre, from which it started, in a time — , and be moving with a 

2 7T 

iTT^/ ~ .r* 

speed , where a sin 0 --- x. 

An clastic thread is stretched between two points on a smooth 
horizontal table. A particle of given mass is fastened to the middle 
point, and after being drawn towards one of the points, the string 
remaining taut, is vset free. Show that it will describe its oscillations 
in a period independent of the original extent of displacement. (LS.) 

8. A particle is attached to the middle point of an elastic string which is 
stretched bctw^eeii two points A and H on a smooth table 9 feet 
apart, and displaced a distance of 1 inch in the direction of the string. 
If the initial tension of the string is twice the weight of the particle, 
find the periodic time and the maximum velocity attained by the 
particle. 

9. A spiral spring 2 fc(*t long is hung up at one end. Its length would 
be doubled by a steady pull of 0 lb. wt. A weight of 3 lb. is hung to 
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the lower end, and let go. Find how far it falls before first coming 
to rest and the time of a complete oscillation. (H.S.C.) 

10. If two unequal weights are hanging together at one end of an elastic 
.string whose other end is fixed, and one of them falls oft, show that 
the other will perform simple harmonic oscillations or not according 
as the one which falls off is the lighter or the heavier of the two. 

(H.S.C.) 

11. A weight of i lb. suspended by a spring extends it i inch when in 

equilibrium. If a mass of 3 lb. be attached to the spring and re- 
leased from rest with the spring extended 5 inches, find the number 
of oscillations per minute and the maximum velocity in the course 
of an oscillation. (I.C.) 

12. A weight of 10 lb. is suspended from a spring, causing an extension of 

10 inches. If the weight is pulled down a further distance of i inch 
and then released, find the periodic time of the motion, the velocity 
when the weight is i inch above the loudest point, and the tension 
in the spring at the top of the path. (Q E ) 

13. A light spiral spring is carrying a weight of 12 lb. ; it extends 

2 inches w^hen an extra w^eight of 3 lb. is placed on it. The extra 
weight is removed suddenly. Find the period of oscillation of the 
12 lb. weight, the tension in the spring and the velocity of the w'eight 
when it is i inch above its lowest point. (Q-F ) 

14. A light helical spring hangs vertically and carries a load of 10 lb. ; 

it extends i inch per extra pound of load. It is extended 2 inches 
and released. Draw' graphs for the kinetic and potential energies 
at different phases of the subsequent motion. (Q E ) 

15. A certain spring has attached to it a mass of 25 in certain unknown 

units ; on increasing the load by 6 of these units it extends i inch. 
What is the time of oscillation under the original load ? What will 
be the velocity and acceleration when it is midw'ay between its 
low'est and mean positions if it is loaded as at first, pulled down 
2 inches and let go ? (Q E.) 

1 6. A scale pan weighing i lb. is attached to a light spiral spring and 

causes it to extend 2 inches. A 2 lb. weight is then placed in the 
pan and released. Find to w^hat depth the pan will fall, the tension 
of the spring w hen the pan is at its lowest point and the period of 
the oscillation. (Q E.) 

17. A mass of 5 lb. hangs at rest on a light spring, extending it 2 inches. 

Another mass of 3 lb. is attached to the first without moving it and 
the two together are then released. Find the amplitude, period, and 
maximum velocity of the resulting motion. (Q E.) 

18. A weight of 10 lb. is suspended by means of an elastic string which is 

extended 2 inches when the weight is hanging at rest. If th^ upper 
end is suddenly jerked upwards a distance of i inch, and then held 
fixed, find the greatest velocity attained by the weight and the period 
of the oscillation set up. (Q E.) 

19. A spring of length 25 cm., whose stiffness is such that a w^eight of 
I kilogram would double its length, hangs vertically from a fixed 
point and has attached to its lower end a scale pan of mass loo gm. 
Show that, if the pan is pulled downwards from its equilibrium 
position and then released it will execute simple harmonic oscillations 
and find their period. Show also that, if the total amplitude of the 
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oscillations exceeds 5 cm., a small particle in the scale pan will not 
remain in contact with it during the whole oscillation, but will 
repeatedly rebound from it. (H.S.D.) 

20. A particle is attached to the middle point of an elastic string gtretched 

between two points A and B on a smooth horizontal table. Tf the 
particle be displaced through a small distance perpendicular to AB, 
and then released, show that its subsequent motion is approximately 
a simple harmonic one, (The displacement is so small that the ten- 
sion of tlie string is supposed to be constant.) If AB — 9 feet, the 
tension of the string is twice the weight of the particle, and the 
original displacement is \ an inch, find the periodic time, and the 
maximum velocity attained by the particle. (E^-) 

21. A particle is moving with S.H.M. in a straight line, and takes 

3 seconds to perform a complete oscillation. Its furthest distance 
from the centre of force is 4 feet. Find its maximum acceleration 
and its maximum velocity. If, when at its furthest point, it receives 
a blow which drives it in with an initial velocity of u ft. /sec., find its 
new amplitude. What value of u will make the amplitude 5 feet 
instead of feet ? (H.S.C.) 

22. A weight is hanging at one end of a light inextensible string, and the 

uppermost end of the string is made to move vertically up and down 
with S.H.M. of amplitude 3 inches. Find the least period for which 
the string will never become slack. (H.S.C.) 

23. A particle P of mass m is attached to the middle point of an elastic 

/ string AB, whose unstretched length is 2a and whose modulus of 

elasticity is equal to the weight of the particle. A and B are attached 
to fixed points on a smooth horizontal table at a distance 3a apart. 
AP is initially equal to 2a, PB is equal to a. Prove that, when P 
is let go, it will perform simple harmonic oscillations whose period 

is 2 , and will oscillate through a distance a. (H.S.C.) 

24. A mass m hangs from a fixed point by means of a light spring, which 

obeys Hooke’s law. 'Phe mass is given a small vertical displace- 
ment, and n is the number of oscillations per second in the resulting 
harmonic motion. If / is the length of the spring when the system 
is in equilibrium, find the natural length of the spring, and show 
that, when the spring is extended to double its natural length, the 
tension is — g). (C.S.) 

25. A particle of mass 10 lb. moving with S.H.M. has a maximum 
velocity of 10 ft. /sec., and performs its complete oscillation in 

seconds. Calculate the complete range of the oscillation, and the 
maximum value of the force applied to the particle. (Q E.) 

26. A mass m is suspended from a spring causing an extension a. If a 

mass M is added to m, find the periodic time of the ensuing motion, 
and the amplitude of the oscillation. (C.S.) 

27. A fine elastic string GAB, whose modulus of elasticity is A and 
unstretched length a, has one end fixed at O, and passes over a 
smooth pulley fixed at A, where OA = a. A particle of mass m 
hangs in equilibrium at B. Show that if a horizontal impulse / 
is applied to the particle, it will move in a horizontal line with S.H.M, 

of amplitude . (H.C.) 

28. A spiral spring supports a carrier weighing i lb., and when a 5 lb. 
weight is placed on the carrier the spring extends 2 inches. The 
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carrier with its load is pulled down a further distance of 2 inches 
and is then let go. How far does it rise, and what is the greatest 
velocity it attains ? (Q E,) 

2Q. Given that the amplitude of a S.H.M. is a, and the greatest speed 
is V, find the period of an oscillation, and the acceleration at dis- 
tance b from the centre of the oscillation. 

A body lies on a horizontal platform which describes a S.H.M. 
vertically of amplitude 3 inches and complete period i se<.:ond. 
Compare the greatest and least pressures of the body on the plat- 
form. (N.U.3) 

30. Prove that if the displacement x of a particle is related to the time 
t by the formula 

X ~ O’ l cos 37r/ 

the motion is simple harmonic. 

State the values of (a) the initial velocity, (6) the initial accelera- 
tion. If the maximum force on the particle during the motion is 
80 dynes, prove that the mass of the particle is nearly equal to. 
9 grams. {N.U.3) 

§ 183. The Simple Pendulum. 

This consists of a heavy particle or bob attached to a fixed point 
by a weightless string and swinging in a vertical plane. It is thus 
a case of motion in a vertical circle, but we shall now consider more 
fully the details of the motion when the displacement of the string 
from the vertical is very small. 



Let O (Fig. 1 18) be the point of suspension, OA the vertical 
position of the string, / the length of the string, and m the mass 
of the particle. 

If P is any displaced position of the particle, where the angle 
AOP (— d) is small, the force tending to bring m back to A along 
the circle is mg sin 6 , 

the acceleration of P along the circle 

= g sin ^ gdf approximately, 
s 

where s is the length of the arc AP. 

VOL. I. 
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The acceleration along the circle is therefore proportional to 
the displacement along the circle measured from A, the e(|uilibrium 
p>osition. 

The motion is therefore simjde harmonic, and the period of a 
com])lete oscillation is 

It must be remembered that the motion is only harmonic when 
the angle of swing is so small that sin 6 is very nearly equal to 0 , 
and that even then it is only approximately harmonic. The api)roxi-‘ 
mation is fairly accurate' for angles up to about q'". 


§ 184. The Seconds Pendulum. 



A seconds pendulum is one which vibrates from rest to rest 


(i.e. makes half a complete oscillation) in i second. 

The period of a seconds p)endulum is therefore 2 seconds. 
If I is the length of the seconds pendulum, 



The unit of length for / will depend on the units used for 

Taking g - J2 ft. /sec. * and tt - -V-, 

/ = J-24 ft. 

Taking g c)Si cm. /sec.- and tt 

/ 99-5 cm. 

§ 185. Since the time of oscillation of a pendulum of given 
length dejH'nds on the value of g, this time will vary in different 
places, and will also vary with the height above or below the earth's 
surface. 

If the whole pendulum is subject to some other acceleration, 
such as that due to being in a lift moving with uniform acceleration, 
or in a train going round a curve, the apparent value of g is altered 
and so is the time of oscillation. 

If T seconds is the period of oscillation of any pendulum, and 
n the number of oscillations per second, w — ^ . 

A seconds pendulum should beat 86,400 times a day, and the 
time for a half oscillation is 

86400 
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If the pendulum gains .v seconds a day, the time of a half oscilla- 
tion is 

86400 


86400 x' 

If it loses .V seconds a day the time is ~ 


86400 


86400 — X 

These (‘xpressions are useful in problems where the number 
s('conds lost or gained by a seconds pendulum is required. 

The following examples illustrate variations in period due 
different causes. 


to 


Example (i). 

Jf a seconds pendulum be lengthened by of Us length, how many 

seconds ivill it lose in a day ? 

1 01 

If / is the length of the seconds pendulum, the new length is 
If is the number of seconds lost in the day, 

86400 _ If 

86400 \ 

86400 ,10 1 / 

and Oz: = » 

86400 - X \ 100 g 

86400 -- X Too 

86400 “ \ 1 01* 


/ 1 00 

Instead of working out Yioi’ 
logarithms, it is better to write it 

pand by the Binomial Theorem. 
We have 


by taking the square root or using 

" or / I -p \ ^ £ind ex- 
\ioo/ \ 100/ 


( I -\- — ^ I — approximately, 
V 100/ 200 

86400 — X ^ 1 

86400 200' 

X I 

86400 200’ 


= 43 ^- 


Example (ii). 


A seconds pendulum gains 10 seconds a day in one place and loses 
TO seconds a day in another ; compare the values of g in the two places. 

Let I be the length of the seconds pendulum, and g., the values 
of g at the two planes, then 
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• \lil = ^^410 = I + 

86390 8639’ 

^ + 84 ’ 

_ 8643^ 

8639’ 


Example (iii). 

A seconds pendulum is in a lift which is ascending with a uniform 
acceleration of i ft. I sec A Shozv that it will gain at the rate of a little over 
56 seconds per hour. 

The upward acceleration of the lift increases the effective value of 
^ by I ft. /sec.® 

Hence if x is the number of seconds gained per hour 


3600 \ 32 


3600 4- 


I -h 


3600 


V|l = { 


I -f. — I 

32/ 


I 

33' 


I + 


64^ 


X I 


’ 3600 64* 



~ 5hJ, approximately. 


Example (iv). 

A pendulum suspended from the roof of a railway carriage travelling 
at speed V round a curve of radius a makes n oscillations per second. 
Prove that if is the number of oscillations per second ivhen the carriage 
is stationary, 

V^ = ag\i~—i. (Ex.) 


Since the point of suspension and the bob of the pendulum are 
moving in a circle of radius a with speed V, they are subject to a central 

acceleration equal to — . The force necessary to produce this accel- 
eration in the bob must be provided by the tension in the string, which 
therefore becomes inclined to the vertical as in a conical pendulum. 
The effect of the circular motion on the bob is therefore the same as 

if it were at rest (except for its oscillation) and an outward force of — 

7* 

were applied to it, i.e. a horizontal acceleration equal to — outwards. 
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The resultant of this and the acceleration due to gravity is the elfec« 
tive value of g as far as oscillations of the pendulum are concerned. 

If g' is the resultant of these accelerations. 


Also 


I 


«' - v** + w 

4 


* V 

n* 

V 

V* 

F* 


and i 
n 

g' 

i'* 

g^ 


2 ir 




= = I -f. 


F^ 


In* 


Example (v). 

.4 seconds pendulum at the bottom of a mine, J mile deep, loses 
lo seconds a day ; at the top of a mountain \ mile high, show that it will 
lose about 15*4 seconds a day, assuming that the radius of the earth is 
4000 miles. 

[Inside the earth the weight of a body varies directly as its distance 
from the centre ; outside the earth the weight vanes inversely as the square 
of its distance from the centre. \ (FS.) 

Let gy, g, g, be the values of the acceleration due to gravity at the 
bottom of the mine, at the surface, and at the top of the mountain 
respectively. 

gjy 4000 - I g, _ 4000» 

g 4000 * g (4000 4- i)*’ 

g* _ 4000« _ I 

' gi 


Then 


=( 


(4000 + iVUooo — J) 

i + j-'i ‘ 




• - 
8000/ \ 


_L_') 

8000/ 


8000/ 


-J_V 

8000/ 


Also 


86400 




86390 
86400 - ^ ( 

86390 V 

= ( 


and 

~ ^ ^gt 


86400 

I 


* 8000) 


-)( 

>00/ V 


8000 

I 


I + 


0 


16000/ 

, approximately : 


86400 — X 


1 6000 

£ 

86390 

s 10 -f 5*4 == I5‘4 seconds 


iSb = *^390 - 5-4. 


VOL. I.— 10 
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EXAMPLES XXXVI. 


1 . A pendulum beats seconds accurately at a place where the accelera- 

tion of gravity is 32 ft. /sec.* If taken to a place where the value of 
this acceleration is 32*2 ft. /sec.*, will it gain or lose, and how many 
seconds in 24 hours ? (I-S.) 

2. Calculate the length of a seconds pendulum at a place where g is 981 

cm. /sec.* If a pendulum clock loses 9 minutes per week, find in 
millimetres what change is required in the length of the pendulum 
in order that the clock may keep correct time. (I S.) 


3. Show that an incorrect seconds pendulum of a clock which loses x 

X 

seconds a day must be shortened by — per cent, of its length in order 

43 ^ 

to keep correct time. (H.S.C.) 

4. A seconds pendulum is correct at a place where the value of g is 
32 ft. /sec.* How many seconds a day will it gain or lose if taken to 
a place where the value of g is 32*3 ft. /sec.* ? 


5. A seconds pendulum is correct at a place where g — 32*2 ft. /sec * 
By what percentage of its length must it be altered in order to keep 
correct time at a place where g = 32 ft. /sec.* ? 

6. A seconds pendulum is carried down with a lift at a uniform accelera- 
tion of 2 ft. /sec.* At the rate of how many seconds an hour will it 
lose ? 


7. A pendulum clock gains 20 seconds each day. Calculate the re- 
quired alteration in the length of the pendulum. 

At what height above the earth's surface would the clock with 
the uncorrected pendulum give correct time ? (The earth’s radius 
is 4000 miles, and the force of gravity varies inversely as the square 
of the distance from the earth’s centre.) (H.S.D.) 

8. A pendulum, which at the surface of the earth gains 10 seconds a day, 
loses 10 seconds a day when taken down a mine ; compare the acceler- 
ation due to gravity at the top and bottom of the mine and find its 
depth. 

9. Prove that if a pendulum swings from rest to rest n times per second, 
then g == n*ir*/, where / is the length of the pendulum. 

In old French measure the length of the seconds pendulum (for 
which n = i) at Paris is 3*06 French feet ; calculate the value of g 
in these units. (LA.) 

TO. A simple pendulum making small oscillations is allowed to swing 
from a position in which it makes a° with the vertical. If v is the 

45 ^ 

maximum speed, show that the complete period is seconds. 

(g - 32 ft./sec.*). (H.S.C.) 

11. A pendulum bob weighing i lb. is hung from the roof of a railway 

carriage by a 3-foot string. The carriage is moving at 45 in.p.h. 
round a curve of radius ^ mile. Find the distance of the bob from 
the vertical through the point of support and the tension in the 
string. Find also the approximate time of a small oscillation 
whilst the train is moving round the curve. (I\E.) 

12. Find the formula for the time of a small oscillation of a simple 
pendulum. 

A simple pendulum is swinging through a small angle and it is 
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found that when it is vertical the tension of the string is i per cent, 
greater than the weight of the bob. Find the complete angle of 
swing to the nearest tenth of a degree. (N.U,3) 

13. If the time of oscillation of a simple pendulum is 20 seconds, find the 
len^h of the pendulum ; and if the velocity of the bob at its lowest 
position is 2 it./sec., find the amplitude of the swing. (C W.B.) 

§ 186 ^ Compofiitiem ol two Simple Han&onio Motions of the same 
Period and in the same straight Line. 

Let the displacements for the separate motions be given by 
Ui cos {<ot + €j) and cos (cof + €2), 
then, if x is the resultant displacement, 

X = cos (a}i + Cj) + a, cos (cuf 4 Cj) 

= cos cjt(ai cos Cl -f <*2 ^2) <ot{ai sin Cj + aj sin Cj). 

If <*1 cos €1 + cos €2 = « cos c, 

Uj sin Cj + ^2 sin Cj = « sin c, 

X — a cos wt cos c — a sin co/ sin c, 

== a cos (cof + €) . 

This represents a simple harmonic motion with 

amplitude a = (ci — c,), 

and epoch c such that 

tan c = sin ci + a, sin 5, 

^^l cos Cj ^2 cos C2 

The result is therefore a similar motion of the same f)eriod whose 
amplitude and epoch are known. 

Note. — We cannot compound two S.H.M.'s of different periods, 
i.e. the result is not S.H.M. When the periods are nearly equal, 
however, we can get an approximate result. 

§ 187 . Let the displacements be given by 

cot (cujf + €1) and cos + €2), 
where a>2 — <0^ is small and equal to k. 

Then x = cos + Cj) + cos (oij/ + c'), 
where € = ki 4 ^2 

From the last paragraph, 

X ^ a cos {u}t 4 - c) . • (i) 

where = a,* 4- 4- 20:1^2 cos (cj -- c'), 

== 4 - 2a, <*2 cos (c, — €2 — ki), 

g, sin c, 4- a2 sin c" 
a, cos €, 4~ ^2 ^®s c'" 
g, sin €, 4- a2 sin (€24-^) 
g, cos €, 4- «2 cos (c* 4“ 


and 
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The quantities a and € are now not constant, but vary slowly 
with the time, since k is very smalt. 

The greatest value of a is when Cj — — ki is equal to any 

even multiple of tt, and the value is then the sum of the amplitudes 
(a, + a,). 

The least value of a is when Cj — c, — kt is equal to any odd 
multiple of w, and the value is then the differences of the amplitudes 

(«i - «*)• 

The resulting motion may be regarded as S.H.M. of approxi- 
mately the same period as either of the component motions, but 
with its amplitude and epoch gradually changing from definite 
minimum to definite maximum values. 

This occurs in the phenomenon known as beats '' in sound. 


§ 188. Composition of two Simple Hannonic Motions of the 
same Period at Right Angles. 

Let the displacements of the particles along the axes of x and y 
be given by 

X ~ a cos €M}t . . . . • (i) 

y :=ib cos (ca/ + ^) • • • • (ii) 

The path of the particle is obtained by eliminating t from these 
equations. 

Now (ii) gives 


cos wt cos € — sin u>t sin c, 


cos € 


- sin «^i — using (i). 

( y X \ 

^ - cos e j = sin* « - sin* € 

. ^ cos « + ^-cos* < + T sin* c = sin* «, 

ah or a* 

...1* *i^cos.+^ = sin*e . . 

a* ah hr 


• P) 


This equation always represents an ellipse which is inscribed 
in the rectangle y = ±6 (ABCD, Fig. 119). 
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Fig. 1 19. 
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If € = o, the equation (iii) becomes, 

i.e. the straight line AC. 

If € = tt, it becomes 

i.e. the straight line BD. 

If € = it becomes 
2 

i.e. an ellipse whose axes are in the directions of the component 
motions. 

If, in addition to this, the amplitudes are the same and b ^ a, 
the path is a circle 

+ y “ a*. 


X y 
a ~ 6 


5 , y 

a 


+ -- = 0, 


+ S* ’ 


§ 189. Motion of two Particles on a Smooth Horizontal Plane 
connected by a Spring. 


T 

Ear-*- 

A 


O 

Fig. I2I. 


T 


^1. 

ttl 

B 


Let mj, be the masses of the particles, and suppose that they 
are pulled apart to positions A and B (Fig. 12 1) so that the spring 
is elongated, and then released. 

Since they are released from rest their centre of mass is initially 
at rest, and will therefore remain at rest throughout the motion. 

If 0 is the centre of mass, it always divides the spring in the 
same ratio to m,, so that this point of the spring is always 
at rest. 

Let be the natural lengths of OA and OB, Xg, the 

elongations at time /, so that the total elongation is + x^ and the 
tension T is given by 

T = k{Xy^ + Xj), where k = — ^ 

<*1 + ^2 

^ ^ and + 

mj Wi ' 

. 

* * fUj Wj Wj + ' 

W2 

**1 


Now 
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Hence for m, the acceleration is 


and for m, it is 


k 


»»» + »«t . 



tnitn^ 




The motions of the two particles are therefore S.H.M.’s of the 
same period 




tn^m^ 


^(^1 + ^ 2 ) 


If one or both the particles be started with any velocity in the 
line joining them, the centre of mass will move with uniform velocity. 
The motion of each relative to the centre of mass is, however, exactly 
the same as if the centre of mass were at rest. 

The acceleration of either particle is the resultant of its accelera- 
tion relative to the centre of mass and the acceleration of the centre 
of mass ; and the latter is zero. 

This is illustrated in the following example : — 


§ 190, Two equal particles connected by an elastic string which is 
just taut lie on a smooth table, the string being such that the weight 
of either particle would produce in it an extension a. Prove that, if 
one particle is projected with velocity u directly away from the other. 


each will have travelled a distance uw 



when the string first returns 


to its natural length. (C.S.) 

I.-et m be the mass of each jmrticle. 

The momentum imparted to the S 3 ^tem is mu, hence, as the 
total mass is the same as 2 m at the centre of mass, the velocity 

of that point will be a uniform one of — . 

As the masses are equal their centre of mass is always midway 
between them so that the middle point of the string moves with 

uniform velocity 

Relative to the centre of mass the motion is the same as if that 
point were at rest. 

If the natural length of the string be 2 I, and x the elongation of 
each half at time t, the tension T is given by 


T k . 2 x, where k = 


A. 

2 I 
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For each particle 
and the period is 
But mg == ka. 


the acceleration is — 



m a 


2kx 


* g 


. . the period 



and the string will return again to its natural length after half a 

period, i.e. after ^ seconds. 

Hence the centre of mass, and therefore each particle will have 
moved a distance 


-j- 

2\2g 



$191. The following examples are of a rather more difficult 
nature : — 

Example (i). 

A light spiral spring is fixed at its lower end with its axis vertical ; 
a mass, which would compress the spring a distance d when at rest, is 
dropped on the spring from a height h ; show that it will be 'shot off on 
the rebound after remaining on the spring for a time. 

+ 2 Ian- (C.S.) 

B 

O 

C 

a 

Fig. 122. 


Let AB (Fig. 122 ) represent the initial position of the spring, and 
O the point to which the mass would compress it when at rest. When 
the mass falls on it the spring will be compressed to some point C below 
O, and will then recover. The mass will leave on the upward journey 
when the downward acceleration of the spring becomes equal to g. 

Let m be the mass, and k the modulus of the spring divided by 
its natural length, then 

mg = hd, or A 
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Tlie motion is harmonic, and if x is measured from O, 

I. 


or 


Also 


dt» ~ 2* • 

X — a sin where a is the amplitude 


(i) 

(ii) 


It is f)bvious from (i) that the acceleration is g downwards when 
X ~ — (f, i.e. when the mass returns to B. 

Now the kinetic energy of m on striking the spring is mgh, and when 
the spring comes to rest with m at C, the work done in compressing is 
equal to the loss of kinetic and potential energy of m. 

If V is the maximum compression, the final tension is — and 

a 

the work done is i — j- , 
d 

mgy^ 

• •• 1 = fngh + mgy. 



= 2h. 


The amplitude a ~ y ~ d. 

Tlic time from O to C and back is half a period or n 
The time from O to B is given by 



sin-‘ 


Now if 


y — d 


= 8, sin 8 — 


cot* 8 


(y - dy 

d* 


y — d* 

yt _ 2yd ___ 2dh _ 2h 


the 

to O and O to B is 


d* 

I'd /T 

time from O to B is V- taii-^A/— r, and the time from 


B 


Hence the time the mass remains on the spring is 

V|[' + ^tan-‘V0 

Example (ii). 

A railway wagon of mass 2 1 ions is shunted on to a sidings and reaches 
a hydraulic buffer at a speed of 8 ft.jsec. This buffer is such that it exerts 
a constant force of 35 tons weight while being pushed in, but exerts only a 
negligible force while recovering. The wagon buffer springs obey Hookers 
law and require a total force of 7 tons weight to compress them 1 inch. 
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Prove that the wagon moves 9*7 inches after striking the buffer before 
coming to rest, and that it leaves the buffer at about 4-7 ft. /sec. (C.S.) 

Since the force exerted by the hydraulic buffer on compression is 
35 tons weight, the wagon springs will have to be compressed 5 inches 
before the buffer begins to go in. 

The work done in compressing the springs is 

i 35 X 2240 X ft. lb., 

and this equals the loss of kinetic energy of the wagon. 

Hence, if v is the speed of the wagon when the hydraulic buffer 
begins to move in, 

J 21 X 2240(8* — = 4 X 35 X 2240 X 

... 8* - t;* - 35 X 5 X 3^ _ 

12 X 2J 9 ' 

_ ^ 200 376 

... 5L;a = 64 — 

9 9 

The wagon springs are not compressed any further, and the force 
retarding the wagon is now a constant one of 35 tons weight. 

If X is the distance the hydraulic buffer moves in, the work done 
by it is 35 X 2240 X 32;^ ft. pdls., and this is equal to the further loss 
of kinetic energy of the wagon, 

• •• 35 X 2240 X 32;r 4 X 2240 X 52 ^, 

9 

... X — jIZ. ft. = 4'7 ins. 

120 

Hence the total distance moved by the wagon before coming to 
rest is 9*7 inches. 

The wagon rebounds under the force of its own springs, and will 
leave the buffer when the springs have extended to their natural length, 
i.e. by 5 inches. 

The work done by the springs in recovering is 

4 35 X 2240 X f., X 32 ft. pells., 

and this will equal the kinetic energy of the wagon as it leaves the 
hydraulic buffer. 

Hence, if v is the speed of the wagon on leaving, 

4 21 X 2240^* = 4 35 X 2240 X X 32, 

4.7 ft. /sec. 


Example (iii). 

An clastic string is stretched between two points A and B in the same 
vertical line, B being below A . Prove that if a particle is fixed to a point 
P of the siring and released from rest in that position it ivill oscillate iviih 
S.H.M. of period iV fj,, and amplitude fia, where t is the period and a the 

aAP.PB 

amplittide when P coincides with the middle point of A B, and — * 

The string may be considered taut throughout, (C.S.) 
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Let m be the mass of the particle, the natural length of the string, 
A its modulus, and / the length of AB. 

When the particle is attached to the mid-point of AB, the equili- 
brium position will be at a depth d below the mid-point given by 


or 



X 


d = 


mg. 


mg* 


For a displacement x from the equilibrium position the tension is 

2 2 

and the restoring force is 

A A ^ mg 


the acceleration is 


••• < = 


When the particle is released from rest it will descend a distance d 
below the equilibrium position, so that d is the amplitude, i.e. d = a. 
Now when P is not at the mid-point, the actual and natural lengths 
of ^P and PB are 


APPB AP^ PB ^ 


Hence the equilibrium position is at a depth d below P given by 
AP PB 

A — A jsg — mg, 

IS TTB^* 


AB X ,,AB X 

■YPT, 


d 


nig. 


X . AB* 


mg, 


..d = mg 


I, 

X • 


AP.PB „aAP.PB 

—YW* 


the new amplitude. 

Also for a displacement x from the equilibrium position, the restoring 
force is 


A AB* ^ 

r. ■ JF7FB* 


4A 

JJq 





2 w 




and the period is, 
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EXAMPLES XXXVII. 


1. A ring slides on a smooth straight wire. It is attached by an 
elastic string, of modulus A and natural length L, to a fixed point 
in the same horizontal plane as the wire and at distance I from it, 
where l'> L. If the ring be dra^m along the wire through a small 
distance from its position of equilibrium and then released, show 
that it will perform a simple harmonic motion, and find the period. 

(C.S.) 

2. Two masses mj and m, are connected by a light spring and placed 
on a smooth horizontal table. When is held fixed, m* makes 
n complete vibrations per second. Show that if m, is held fixed, 


m. will make and if both are free they will make 

^ Wj ^ Wi 

vibrations per second, the vibrations in all cases being in the line 
of the spring. (C.S.) 


3. A heavy particle of mass m is attached to the end of an elastic string 
of natural length a and modulus A, the other end of the string being 
fixed to a point A. The particle is released from rest at A and falls 
under gravity ; prove that the string will be extended during the 
interval of time 

— tan- 

tna 



4. A particle is suspended from a fixed point by a light elastic string. 
Show that the period of vertical oscillations is that of a simple 
pendulum of length / — Z®, where I is the equilibrium length of the 
string and Z® its natural length. 

If the oscillations are of amplitude Z — Z® and if when the partr 
icle is at the lowest point of its path it receives a downward blow 
which gives it a velocity m, show that the time from the lowest 
to the highest point of the new path is 

,C.S 0 

5. Two equal particles A, B are attached to the ends of a spring which is 

held by its ends vertically and unstretched, A being uppermost. B 
is released and at the moment at which it first comes to rest A is also 
released. Describe fully the sul^equent motion, and show that B 
comes to rest again once. (C.S.) 

6. A spring, whose natural length is is free to vibrate horizontally, 

one end being fixed. The force required to shorten the spring by 
an amount x is Ex. The mass of the spring is M, and its centre of 
gravity may be supposed always at its middle point. The spring is 
compressed by an amount x^, a mass w is placed at the end, and that 
end is released. Find the velocity of the particle when it leaves the 
spring. (C.S.) 

7. An elastic string hangs vertically from a fixed point. To the lower 

end is attached a heavy particle, which is then allowed to fall. When 
the particle reaches its lowest point half of it drops off. Show that 
the other half will rise to a height 2a above the starting-point, where 
a is the extension of the string which the heavy particle would pro- 
duce when hanging at rest. (C.S.) 
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8. A heavy particle hangs on the end of a light elastic string which is 
such that the period of a small vertical oscillation of the particle 
is 2irr. The string is moving vertically upwards with uniform 
velocity gT^ and the particle is in relative equilibrium. Show that, 
if the upper end of the string is suddenly fixed, the string will 
become slack if > T, and that in this case the new motic^ has a 
period 

- cos-»^Jr + 2(r,* - T*)t- (C.S.) 


lO. 


Two stationary railway trucks of equal mass m are connected by a 
spring coupling which is initially just unstressed. For each truck it 
is assumed that the starting resistance and the running resistance are 
both equal to i?. A constant force 3/? is applied to the first truck. 

Prove that the second truck will start after a time , where A 

3 ^ ^ 

is the force in absolute units needed to produce unit extension in the 
spring. (C.S.) 

A particle of mass m is moving in the axis of x under a central force 
iLfnx to the origin. When t — 2 seconds it passes through the origin, 
and when f = 4 seconds its velocity is 4 ft. /sec. Determine the 
motion and show that, if the complete period is 16 seconds, the semi- 


amplitude of the path is 




(C.S.) 


II. Two masses M and m, connected by a light spring obeying Hooke's 
law. fall in a vertical line with the spring unstretched until M strikes 
an inelastic horizontal table. Prove that M will after an interval 
of time rise from the table if the distance through which M has 


fallen exceeds I 



where I is the extension that would 


be 


produced in the spring by a force equal to the weight of M. (C.S.) 


12. A spring balance consists of a horizontal disc of mass 4 oz.. carried 

on a light vertical spring which is compressed J inch by the weight 
of the disc. An inelastic mass of 8 oz. is dropped from a height of 
2 inches on to the disc ; find its velocity when it leaves the disc in 
the subsequent ascent. (C.S.) 

13. A heavy particle is attached to one point of a uniform light elastic 
string. The ends of the string are attached to two points in a verti- 
cal line. Show that the period of a vertical oscillation in which 

!fnh 

the string remains taut is 2n \ — , where A is the coefficient of elas- 

2 A 

ticity of the string, and h the harmonic mean of the unstretched 
lengths of the two parts of the string. (C.S.) 


14. A railway truck of mass 10 tons, moving at a speed of 4 ft./sec., 
collides with a similar stationary truck free to move. The bufier 
springs, which obey Hooke's law. are such that a force of 5 tons wt. 
between the trucks decreases their distance apart by g inches. Find 
the greatest compression produced in the springs. 

15. Two masses and lb. are connected by a light elastic string 
passing over a smooth pulley. The string stretches 1 foot under a 
tension of P poundals. The masses are supported so that the two 
sides of the string are vertical and just sli^. and the mass is 
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then released, 
time 


Prove that the mass will begin to rise after a 



(C.S.) 


i6. Two light elastic strings are fastened to a particle of mass m and 
their other ends to fixed points so that the strings are taut. The 
modulus of each is A, the tension T, and the lengths a and b. Show 
that the period of an oscillation along the line of the strings is 


f tnab 

+ A)(fl + b) 


]* 


(C.S.) 


17. A light helical spring hanging from a fixed point is stich that a force 
of 10 lb. produces an extension of i inch. When the spring is not 
extended, a mass of 1 5 lb. is hooked on to the lower end and suddenly 
released. 

Determine (i) the distance the mass will descend ; (ii) the force 
in the spring when the maximum extension is reach^ ; (iii) the 
time of oscillation of the mass ; (iv) the length of the simple 
equivalent pendulum. (C.S.) 


18. A body, of weight W, moves in a straight line under a force always 
directed to a fixed point O in the straight line and equal to kx, where 
X is the distance of the body from O at any instant. Prove that the 
work done on the body as it alters its distance from to x^ is 

-U and that, if its greatest velocity is v, the body moves 


IW 


to and fro through a distance 21; a/ . 

^ gk 


(H.S.C.) 


19. A particle is moving with S.H.M. of amplitude a and periodic time 
T ; find the velocity and acceleration when at a distance x from the 
centre. 

If, when at the point of greatest velocity, the body collides 
directly with a stationary body of twice its own mass, what is the 
amplitude of the ensuing motion of the first body ? The law of 
force is supposed to remain the same and the bodies are perfectly 
elastic. (H.S.C.) 

20. A particle of mass m is attached to two points A and B, distant 12a 

apart on a smooth horizontal table, by two similar elastic strings 
each of natural length 5a and modulus of elasticity A. If the particle 
is pulled from its position of equilibrium as far as A and then 
released, discuss the subsequent motion and find how long it takes to 
reach B. (H.S.D.) 


21. A simple pendulum of length / is at rest in a vertical position. If 
the point of suspension is made to move horizontally from rest with 
a small constant acceleration a, describe the subsequent motion of 
the bob of the pendulum relative to the point of suspension ; and 
find how far the point of suspension moves before the pendulum 
again becomes vertical. (Ex.) 


22. Two inelastic particles, of masses m and m', are attached to the ends 
of an elastic string of natural length a, whose modulus of elasticity 
is equal to the sum of the weights of the particles. They are placed 
on a smooth horizontal plane with the stiing stretched to double its 
length and are then let go. Determine the point at which they 


VOL* I. 
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meet, and show that the impulse between them when they meet is 
(mfn'ga)i units of momentum. (H.S.D.) 

23. An elastic string AB of length / is hxed at A and would be stretched 
to double its length if a weight W were fastened to B and gently 
W 

lowered. A weight — is fastened to B and let fall from A. Find 
10 

the distance it will fall and prove that the period of the subsequent 
movement is 



(Ex.) 


24. A body of mass m hangs from an elastic spring of negligible mass and, 
in equilibrium, extends its length by an amount a. If the top of 
the spring is held fast, prove that the vertical oscillation has a period 
equal to that of a simple pendulum of length a. 

If the top of the spring is forced to move up and down according 
to the formula 

f = € cos pt, 

where f is the vertical displacement, prove that the forced oscil- 
lation of the mass is of amplitude 

when this fraction is positive. Find also the relation between the 
phases of the forced oscillation of the mass and the oscillation of the 
top of the spring. (N.U.4) 

25. A particle of mass m is tied to the middle point of an elastic string of 
natural length / and modulus A. The string is stretched until its 
length is a and its ends A, B are then fastened to two points on a 
smooth table. Show that, for small oscillations of the particle in 

2 W“ 4A 

the line AB, the period is — , where n* = 

The end B is now moved in the direction AB in such a way that 
at time t the length AB is a -f 6 sin 2nt. If the particle is at rest 
at the middle point of AB at time t = o, show that its displacement 
at time t is 

I 6 sin nf sin* 

it being assumed that the string is always taut. (N.U.4) 

26. In an Attwood*s Machine the lighter mass m is tied to the floor by 
a vertical weightless elastic thread of natural length / and modulus 
A. Show that if the inertia and the friction of the pulley can be 
neglected, the system can oscillate about the equilibrium position 
with a period 





CHAPTER VII. 


MOTION OF A PARTICLE IN TWO DIMENSIONS. 

§ 192, We have dealt with some special cases of motion in two 
dimensions in the last three chapters, and shall now consider the 
matter in a more general manner. 

To fix the position of a point in a plane we require two co- 
ordinates, and to determine completely the motion of the point we 
require its component velocities and accelerations in two different 
directions. The choice of these directions depends on the nature 
of the problem, and there are three methods of resolving which are 
commonly used. 

§ 198. Components of Velocity and Accelmtion Parallel to two 
Fized Axes. 

This method has been mentioned already (paras. 21 and 40). 


Y 



Let P, P' (Fig. 123) be the positions of a point moving in a 
curve APP' at times t and ^ + 8^ respectively. 

Take OX, OY as axes, and let OM == x, ON = y, be the co- 
ordinates of P ; OM' = X -f 8x, ON' = y + Sy, those of P' 

Let PL, parallel to OX, cut P'M' in L, then 

PL = Sx, LP' = Sy. 

By the triangle of velocities the sides PL, LP' of the triangle 
PLP' will ultimately, when PP' is very small, represent the compo- 
nents of velocity parallel to the axes on the same scale that PP' 
represents the resultant velocity. 

Hence the component velocities are the limiting values of 
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i.e. -n ^ parallel to OX, 

at 

^ or y parallel to OY. 
dt 

These are the velocities of M and N along the axes, and, the 
velocity of P is the resultant of the velocities of M and N. 

The acceleration of P is the resultant of the accelerations of 
M and N, and the component accelerations of P are 

^ or A? parallel to OX, 

^ or ^ parallel to OY. 

Usually the axes OX and OY are at right angles. 

This method of resolving is used when we know the components 
of the forces acting on a particle parallel to two fixed directions, 
e.g. in the motion of a projectile. 


§ 194. Components of Velocity and Acceleration along and parpen-* 
dici^ to the Radius Vector. 



Let P, P' (Fig. 124) be the positions of a point moving in a 
curve APP' at the times t and t+U respectively. 

Let OX be the initial line, and r, Q the polar co-ordinates of P, 
so that OP = r, angle XOP = d ; POP' == ^d. 

If PH is drawn perpendicular to OP', 

PH = rZe, and HP' = 


The sides PH, HP' of the triangle PHP', when PP' is very small, 
will ultimately represent the component velocities of P along and 
perpendicular to the radius vector OP, PP' representing the re- 
sultant velocity. 

Hence the component velocities along and perpendicular to the 
radius vector are the limiting values of 


ht 


and 


IT' 


df 

di 


and r 


df 


or 
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If we call these u and v, then at P' the components along and 
perpendicular to OP' are u + Su, and v + 

Since POP' = 8^, the component of velocity at time / + 8/ 
in the direction OP is 

(« + ^^0 cos SO —(v + Sv) sin 86, 

hence the acceleration along OP is 

Lt (u + 8w) cos 8^ — (v + 8t;) sin 86 -- u 
81 o 8^ 

~Jt \Tt)^ 

The component of velocity at time t + 8i perpendicular to 
OP is 

(u + 8u) sin 8^ + (i; + Sv) cos 86, 
hence the acceleration j^rpendicular to OP' is 

Lt (u + 8u) sin 8^ + (^^ + 8v) cos 86 — v 
8t-> o St 

^ dt dt di ' di di) 

rdt\ dt)' 

This method of resolving is used when the acting force is always 
directed to a fixed point O. Such a force is called a Central Force. 

§ 195. Components of Velocity and Acceleration along the Tangent 
and Normal to the Path. 

It is obvious that the component of velocity along the normal to 
the path is zero. 

Let P, P' (Fig. 125) be the positions of a point describing a curve 
APP' at the times t and t + 8t respectively. 


O 



Let the arc AP = s, then the velocity v at P is along the tangent 
at P and 
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The velocity at P' is equal to r + Bv, and is along the tangent 
at P'. If PO, P'O are the normals at P and P', then if the angle 
between the tangents at P and P' is Bt/f, angle POP' = 

The components of velocity at time / + 8/ along the tangent 
and normal at P are 

(v + Sv) cos 8^, and {v + Sv) sin 8^, 

Hence the acceleration along the tangent at P is 

Lt {v + Bv) cos Bip — V 
8f->o W ' 

if* 


The acceleration along the normal at P is 

Lt (v + 8v) sin 8^ _ , 
8f->o 8if 


v* 

“ t 

P 


where p is the radius of curvature at P. 


dift dip ds 

,dt ds ' di 



I 

f 

P 



This method of resolving is used in cases where a particle is 
constrained to move along a curve. 

Motion in a circle (Chapter V.) is a special case. The radius of 
curvature is then the radius of the circle and the normal accelera- 

. . V* 

tion IS — . 
r 


§ 196. Angular Momentum. 

If a particle of mass m is moving in a plane with velocity v, its 
linear momentum is mv. If p is the -length of the perpendicular 
from a point 0 in the plane on the direction of motion of the particle, 
the pr^uct pmv is called the Moment of Momentum or Af^ular 
Momentum of the particle about O. 

If we use polar co-ordinates the velocity of the particle perpen- 

dP 

dicular to the radius vector joining it to O is hence its angular 

momentum about 0 is mf * ~ . 

ui 

If there is no force acting on the particle perpendicular to the 
radius vector, then, since the acceleration in this direction is 

I d / . de\ 
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we have 



= o, 



= constant. 


i.e. the angular momentum about O is constafU, 

This corresponds to the Principle of Conservation of Linear 
Momentum, and is very useful in cases where a particle is moving 
so that the only external force acting on it is directed towards a 
fixed point. The force has then no moment about the fixed point 
and the angular momentum about that point is constant. 

The examples in the following paragraphs illustrate the use of 
the preceding methods. 


§ 197. Example (i). 

A smooth straight tube rotates in a horizontal plane about a point in 
itself with uniform angular velocity co. At time t — o a particle is inside 
the tube, at rest relatively to the tube, and at a distance a from the point 
of rotation. Show that at time t the distance of the particle from the point 
of rotation is 

a cosh (wt). 


Find the force the tube is then exerting on the particle. (C.S.) 

To find the motion along the tube we require only the acceleration 
along the radius vector. 

Now there is no force acting on the particle in this direction. 


d^ 



== o. 


and 


de 

It^ 


d*r 

.-.-3^ - ra,* = o. 


The solution of this equation is 

r = Ae^ + Be-^, 

where A and B are constants to be determined from the initial con- 
ditions. 

f = a when / == o, 

^ B 


Now 

Also 


dr 

~ ass o, when / = o, 


A 

.-.A 


B = o, 

B-l 


, r = ^(e*»f + = a cosh (ojt)» 


To find the force R exerted by the tube we require the acceleration 
perpendicular to the radius vector. 
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Now this is 


and 





df 

H- 


dr 


au} sinh(a»0» 


Hence if m is the mass of the particle, 

/? = m . 2co ^ == 2maci>* sinh(ctjf). 

Example (ii). 

A light string passing through a smooth ring at O on a smooth hori- 
zontal table has particles each of mass m attached to its ends A and B, 
Initially the particles lie on the table with the portions of the string OA and 
OB straight, and OA ~ OB. An impulse P is applied to the particle A 
in a direction making 6o° ivith OA . Prove that when B reaches O its 

velocity is — . (C.S.) 



The components of the impulse along and perpendicular to the 
string are 


^ and ^P. 
2 2 


Hence the initial velocities in these directions are 

^ .„d 

4W 2m 


(In the direction of the string the total mass set in motion is 2w.) 
If r is the distance of the particle A from O at time when it has 
moved to A' (Fig. 126), d the angle turned through by OA, and T the 
tension in the string at that instant, 


- -L 

di* ^ Vd / ) m 


(i) 


Also the acceleration of B towards O is equal to that of A along 
the radius vector. Hence for B we have 


using (i), 


^ _ r 

dt^ w' 


2 


d*r 



(ii) 
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Now the angular momentum about O remains constant, 

3F 


•. =5 a—P, 


hence from (ii), 


/dsy 3a* 
[Stj = 


p* 


d*r 


4^* ' w* 
3a*P* I 


and when 


P« 

i6m* 


hence when r « 2 fl, 


Sm^ ' 

+ 



dr 

_ p 



■ = “’ m 

4m’ 



■ 

or C = 

7 

16 

P* 

• m* 

7 p* 

3 P^ _ 

II 

P* 

16 m» 

32m* 

32 

m*' 

. dr _P 

y/ 22 



' dt m 

T“‘ 




Example (iii). 

A particle of mass m moving in a plane is subject to a constant 
force mf in the direction of the x-axis and to a force mkv in the direction 
of the normal to its path, where v is its speed and k is a constant coefficient. 
Write down the equations of motion and prove that they are satisfied by 
the special solution 

X — a(i — cos kt), y = a(kt — sin kt), 
where a is a constant expressible in terms of f and k. 

Determine the solution if x o, x — o, y = o, y — V, when t —o, 


where V is any constant value. 


(N.U.4) 



Fig. i26a. 

The accelerations produced by the forces are / and kv. 

Let X, y he the co-ordinates of the particle P (Fig. i26a) at any 
instant referred to rectangular axes x and y, PT the tangent to its path 


. sec*^ 


V = -f y*, 

y 

y* d 

I + JI. and cos ^ sin ^ 


tan ^ 
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The accelerations, x and 5?, parallel to OX and OY are given by 


i? = / — ^ -f y* sin 0, 
5 ? = A \/;r* + y* cos 

"y^hjx ) 


(i) 


With the special solution given in the question, 

X = a[i — cos kf\, X ak sin hi, and x = ah^ cos ki^ 
y r= a[kt — sin kf], y ^ ah — ah cos hi, and ^ = ah^ sin hi. 

It is clear that these values satisfy equations (i) if 
ah* cos hi — f — ah* -}* cos hi. 



The special solution satisfies the conditions -y = o, y — o, and 
4 ? =a o when / == o. 

The condition y — V when ^ = o is not satisfied by this special 
solution. We must therefore find the general solution of the equations 
of motion and determine the constants by using the given conditions. 
Integrating the equations once, we have 

X ^ ft — hy + ti, 

y ^ hx c,. 


Since ;r = o, and y = o when / == o, 

= o, 

and since y = K and x = o when < = o, 

c. = V, 
x==ft-hy\ 

‘ ’ y =1 kx V) 

Also f kx == hft — h*y, 

(D* -f k*)y = kft, 

,',y ^ A cos + B sin 4* ^ 


{«) 


Since y — o when t = o, A = o. 


and 


.-.y 




= B sin ht 4- 
= Bh cos ht 4- {, 

ft 


and since y = F when f =«= o. 
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m 


From the second of equations (ii), we have 
*;r = - K. 

.•.*»= 

-coakt). 

Thes(e values of y and x satisfy all the given conditions. 

Note. — We can avoid solving the differential equations by assuming 
that the solution is of the same form but that the constant a is replaced 
by three different constants, i.e. we assume 

X ^ A{i — cos kt) and y = Bkt — C sin kt. 

From these, we have 

£ Ak sin kt and x == Ak* cos kt, 

Ak* = f - kV.or A = vy 

Also y ^ Bk -- Ck cos kt and y = Ck^ sin kt, 

CA* sin kt A k^ sin kt, 

A. 


Since y 


V when t = o, 

Bk == V + Ck V -i- Ak, 
*"_/ 

(f 




K* - '') “ 


COS kt). 


sin kt. 


§ 198. Motion under the Action ol a Central Force. 

Taking the centre of force as origin, and using polar co-ordinates, 
let F be the force at any point measured positively towards the 
origin. 

Then 


ih 

W 


/d9\* t 
~\dt) - ~m 


F 


id/, d9\ _ „ 
7diVli}~° 

The second equation gives by integration 


(i) 

(W) 

(iu) 


where A is a constant whoM value depends on the initial con- 
ditions. 
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We have seen that mr* -- is the angular momentum so that mh 
at 

is the angular momentum and is constant throughout the motion. 

Let V be the velocity of the particle at any instant, and p the 
perj)endicular from the origin on the direction of motion (i.e. the 
tangent to the path) at that instant. 

The angular momentum is equal to pmv, 

... pv = A, 

and V ~ 7, 

P 

Let A be the polar area bounded by the path, the moving 
radius vector r, and any fixed radius vector. 



Let P, P' (iMg. 127) l)e the positions of the particle at times t 
and i 4 dt, and let POP' ^ dO. 

The area POP' ~ or Ipds, where p is the perpendicular 

from O on the tangent at P and PP' = ds. 


rue 

-T- ^ 

dt 

. ^ 

dt 


2 dA 

^dA 

dt 

\h. 


~ pds, 

^ds ^ , 


This shows, by integration, that th'^ polar area traced out hy the 
radius vector is proportional to the time of describing it. 


§ 198a. To find the polar equation of the path we have to 
eliminate i be tween equations (i) and (ii) of the last paragraph. 

The elimination is simplified by putting r == -, 


then 


dr _ 
di"" 
d'^r 


u 


I du dd 
^^'dO'di' 
d^u d0 


du 

hjg, using 


(iii) 


■rf/* • dt 

iPr 


h^u^ 


dh4 

dS^' 


dB 

Substituting this value for and the value hu^ for ^ 
equation (i), we have 


in 
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or 


dHi F 

- A*«* - AV =- 

dHi F 


When given F as a function of r, this differential equation, on 
integration, will give the equation of the path. 

If the polar equation of the path is given, we can find the value 

dHi 

of ^ and hence determine F in terms of u and 6 . 

If we use the tangential and normal components of acceleration 
we have 

dv F V* F 


where <f> is the angle between the tangent and radius vector. 
Now cos ^ ^**st of these equations becomes 


^ ds w 3 s* 


... t;a = C - 



Putting V == -T, and differentiating with respect to r, 
P 



This expression for the force F is very useful for finding F when 
we can get the equation of the path in the form p — f{r). 

The further treatment of this subject will be found in more 
advanced books. The most important case is when F is a gravi- 
tational force varying as the inverse square. 


§ 199. Motion on a Smooth Cycloid under Gravity, 

Let the cycloid be placed with its vertex O downwards, and its 
axis OD vertical (Fig. 128). Let A, A' be the cusps. 

Let s be the length of the arc OP measured from O, then it is 
known that 

s = 4a sin p, 

where a is the radius of the generating circle (JOD), and p is the angle 
made by the tangent at P with the tangent at O. 
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If a particle of mass m, free to slide on the cycloid, be at P, its 
accelerations along the tangent and normal are 


a*s V' 

p* 


^ sin ^ — *!l!i s 

at* 4^1 


and 


m 


mg cos i/f + R, 


r 

where R is the pressure of the curve on the particle 
Equation (i) gives 


dt^ 


4 « 


s. 


(i) 

(ii) 


The motion is therefore S.H.M. about O, and the period is 

It should be noticed that this is not an approximate S.H.M. as 
in the case of an ordinary circular pendulum, and it is not necessary 
for the arc of oscillation to be small. 

Also the motion is determined completely by equation (i). 
Equation (ii) merely gives the pressure on the curve. 

If c is the semi-arc of oscillation, then on sol ving equation (i) 
we get 

The velocity v at any point can be obtained in terms of s by 
integrating equation (i) once 


=■ — + A, 

V = o when * = c, A c*. 

8a 


and if 
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The value of v can also be obtained by the Principle of Energy 
from the vertical height descended by the particle. 

A bead moves on a smooth parabolic wire whose axis is 
vertical and vertex upwards. Show that the pressure between the wire 
and the bead varies inversely as the radius of curvature p. 



Let A (Fig. 129) be the vertex of the parabola, and y* ~ ^ax its 
equation referred to its axis and the tangent at A, x being measured 
vertically downwards. 

The angle p made by the tangent at P with the axis is given by 


tan p = 


J 


2a 

V4ax 


X = a cot* p, 


and X is the vertical depth of P below A. 

If c is the depth below A when the velocity is zero, the velocity 
w at P is given by 


Now 


v* = 2 g(a cot* p — c). 


sin p 



P 


dp 


smce 


^ is negative. 


Also 


see* 





2a •_ i 

~ sm 


sec* p _ 

P 

y* sec* p 
zap 


sin p : 


4ii* cot* p sec* p 
zap ' 
ZacosaePp 
P 
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Resolving along the normal 

m ^ = mg sm t/t -- R, 

P 

2g{a cot* ^ — g) _ , 2agcosec^f/i _ R 
P pm 

~ = ?^(a cosec* ^ — a cot* ^ + c) 
m p 

_ 2g{a + c) 

— . y 

P 

. j> - 2 mg(a + g) ^ 
varies inversely as p. 


EXAMPLES XXXVIII. 


1. The velocities of a particle along and perpendicular to a radius 

vector from a fixed origin are Ar* and nB* ; find the polar equation 
of the path of the particle and also the component accelerations in 
terms of r and B. (C.S.) 

2. Masses m, m' are attached to the ends of a weightless inextensible 
string AOB and rest on a smooth horizontal table. The string is 
in contact with a smooth fixed peg at O, and the portions OA { — a), 
and OB ( — 5 ) of the string are in a straight line. The mass m is 
now projected horizontally with velocity u perpendicular to OA. 
If the string remains in contact with the peg, and all the motion 
takes place in a horizontal plane, prove that the mass m' reaches the 
peg with velocity 


u ^ lfnb(2a -f- b) 
a b^ m -f * 


(C.S.) 


3. A particle on a smooth table is attached by a string passing through 
a small hole in the table and carries an equal particle hanging 
vertically. The former particle is projected along the table at right 
angles to the string with velocity V 2gh when at a distance a from 
the hole. If r is the distance from the hole at time /, prove the 
results 

~ p) + 

(2) the lower particle will be pulled up to the hole if the total 
length of the string is less than 

« + JA + VaT+Jh*, 

( 2A^h\ 

I H — ^ ^ being the mass 

of each particle. (C.S.) 

4. A particle moves on the curve y = a log sec - in such a way that the 

tangent to the curve rotates uniformly ; prove that the resultant 
acceleration of the particle varies as the square of the radius of 
curvature. (C.S.) 



MOTION OF A PARTICLE IN TWO DIMENSIONS 305 


5. A bead threaded on a rough fixed circular wire whose plane is hori- 
zontal is projected with velocity V. Show that it will come to rest 
when the arc traversed is 


6 . 


^ sinh 
2m 



where a is the radius of the wire and m is the coefficient of friction. 

(C.S.) 

A number of particles lie on the equiangular spiral r and 

are in motion. Prove that, if the particles continue to lie on an 
equiangular spiral, m (f component of velocity of a particle normal 
to the curve) is of the form 


M = >’(^ + 7 log r). 

where p, q are functions of t only. 

If p, q are both constant, find the relations connecting p, q, A 
and a with f. (C.S.) 

7. A point moves in a circular path of radius a so that its angular velocity 
al^ut a fixed point in the circumference of the circle is constant and 
equal to <0 ; show that the resultant acceleration of the point at 
every point of the path is of constant magnitude 4001** 

[Use the polar equation of a circle r = 2a cos and resolve 
along and perpendicular to the radius vector.] (C.S.) 

8. If the co-ordinates ;r, y of a moving point are given by 

X = a(cos $ -h 0 sin 0 ), y = a(sin 0 — ^cos 0 ), 

and 0 increases at a uniform rate cu, prove that the velocity of the 
point is a^co ; and find the inclination of the velocity to the axis of x, 

9. A smooth horizontal tube OA of length a is movable about a vertical 
axis OB through the extremity O. A particle placed at the extremity 
A is suddenly projected towards O with velocity oco, while at the 
same time the tube is made to rotate about OB with angular velocity 
oi. Show that the particle will have travelled half-way down the 

tube after a time log^ 2, and will not reach O in any finite time. 


10. The ends of a straight rod move in two straight grooves intersecting 
at right angles, and one end is constrained to describe its groove 
with uniform velocity. Show that the acceleration of any definite 
particle of the rod is perpendicular to this groove and is inversely 
proportional to the cube of its distance from it. 

11. A straight line of constant length moves with its ends on two rec- 
tangular axes Ox, Oy, and P is the foot of the perpendicular from O 
on the straight line. Show that the velocity of P perpendicular to 
OP is CO . OP and along OP is 201 . CP. where C is the middle point of 
the line and a> is the angular velocity of C about O. 

12. Two rings, P and Q, each of weight w, are connected by flexible 
joints to the ends of a light rod of length a, whose weight may be 
neglected. P moves on a smooth vertical wire OA, and Q on a 
smooth horizontal wire OB. 

At starting, Q is close to O, and P above it ; Q is given a small 
impulse to enable the rings to begin to slide. Show that, when 
PQ makes an angle 0 with the vertical, the velocity of Q is 

acosSg, 
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ao6 


with a similar expression for the velocity of P ; and by means of the 

dS , 

equation of energy, or otherwise, find the value of ^ in terms of 
and prove that 

“ajr 

Prove also that the stress in the rod is 0/(3 cos $ — 2). (H.S.C.) 

13. A point moves in a plane in such a way that its co-ordinates x, y are 
given at any time i by 

X ^ a cos Kiit, 
y ^ b sin u}t. 


Show that the path is an ellipse, and find the acceleration in 
terms of the distance from the origin ; also determine the direction 
of the acceleration at any time f. 

14. A particle moving in a plane is subject to a force towards the ;r>axi8 
and proportional to its distance from that axis. If, initially, it is 
projected from the origin with a velocity F in a direction malmg an 
angle a with the ;r-axis, prove that it will cross the x-axis again at this 
angle. 

Find the time before this occurs and prove that the maximum 
displacement from the x-axis is proportional to V sin a. (N.U.4) 

15. A particle starting from the origin at time < = o moves in the para- 
bola y* = 2x with a velocity constant in magnitude and equal to 
unity. Prove tliat the time it takes to reach the point (x, y) is 
given by the equation 

y — sinh [2/ — y V 1 + 


and determine the components of the acceleration as rational 
functions of the ordinate of its position. (N.U.4) 

16. Two particles of masses m and lying on a smooth table, are 
connected by an elastic string of natural length I and modulus of 

elasticity ; they are initially at rest with the string un- 

(m -f- m ) 

stretched. By using the principles of conservation of linear mo- 
mentum and conservation of energy, or otherwise, show that, if m 
is projected directly away from m' with velocity 17 , the velocity (R) 
of m relative to m', when the string is stretch^ to a length f H- x, 
is given by the equation 




T 


U\ 


(N.U. 3 ) 


§ 801. We have considered cases of motion in a straight line 
under a constant force and under a force tending to a fixed, point 
in the straight line and proportional to the distance from that point 
(S.H.M.). 

We shall now consider some cases of other laws of force, and 
also cases where there is a resistance to the motion, the resistance 
being some function of the velocity. 

The method of working is the same in all cases, we equate 
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or to the resultant force acting on the particle and so obtain 
the equation of motion. 

This equation must then be solved, and the main difficulty in 
problems of this nature is in the solution of the equation of motion. 

For this reason we shall only deal with cases involving equations 
which are more easily solved, 

§ 200. Motion of a Particle falling Vertically under Gravity in a 
Medium whose Resistance Varies as the Velocity. 

To simplify the working we will consider the mass m as unity. 
Let the resistance = kv, where ^ is a constant and v is the velocity. 
The equation of motion is 

dv r 

^-g-kv. 

Now when v reaches the value L, where 

kL=g. 

the acceleration becomes zero, and the particle continues to descend 
with uniform velocity L. This velocity is called the Limiting 

a 

Velocity, and it is convenient to use the value for k. 

The equation of motion then becomes 


^(i _ 




log C — log (£ — »)= 


o when t — o, 


log C = log L, 

I i ^ 

. . — 7 — » e , 


Notice that gets smaller as I increases, bat it only becennes 
neg^ble after an infinite time, i.e. v becomes equal to L after an 
in^te time. 



808 


INTERMEDIATE MECHANICS 


Writing ^ for v, we have 
at 

ds 




/ r 

s = L\^ g ^ “H* ^ » 

and if s = o when t = o, 


C=: ~ 


5 = l(^ 


' L 


f)' 


§ 208. Motion of a Particle falling Vertically in a Medium whose 
Resistance Varies as the Square of the Velocity. 

If the resistance is kv'^, then, taking the mass as unity, 
dv 

The limiting velocity L is now given by 
kD = g. 

a 

Hence, writing ^ for k, the equation of motion becomes 


dv 

dt 




dv 


• • L* - v*~ 

■■Urh+rh,h-P^’ 


log C + log (L + V) — log (I - v) = ^ 
and if v == o when / = o, log C ~ o. 


2gt . 


/ “A / s 




V 


I + « 


f 
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To find V in terms of s, we have 


dv 


I* 




^rs^s—is-> 
S V, 


logC-ilog(L*-v*)=g, 

and if i; — o when s = o, 

log C \ log U, 

2gS 


•••logp- 

L* 


I* 


L*’ 


L* 


2g\ 

"lO 


§204. Example (i). 

A particle is moving in a straight line under the action of a force 
mw^x towards a fixed point in the line, and subject to a resistance 2kv 
per unit mass, where m is the mass, x the distance from the fixed point, 
and A < CO. Determine the motion. 


d*x 

. . dx 


niw^x — 2mk , 
at 

d»x , . 

dx 




The solution of this equation is 

X = sin (pt + B), 

where />* = ct>* — and A, B are constants depending on the initial 
conditions. 

It should be noticed that the period of oscillation is still con- 

stant, but is longer than if there is no resistance. 


Example (ii). 

A particle describes a distance x along a straight line in time t, where 
t = ax^ -f bx, and a, b are positive numbers. Show that the retardation 
is proportional to the cube of the velocity. 

If the initial velocity is 2000 ft, /sec., and is reduced to 1973 ft.lsec, 
in 100 feet, show that the initial resistance is about 15*8 times the weight 
of the particle. 
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Since ax* + bx - 

differentiating with respect to t, 

dx , ,dx 


I, 


d*x 


h + 2ax 
2 a 


, giving the velocity v 


dx 

(b 4- 2ax)* * di* 
2a 

(b 4- 2ax)* 


= ~ 2«l/* 


the retardation varies as the cube of the velocity. 
If v = 2000 when ;r = o, 


and if v 


1975 when X 
b 4- 200a = 


200a = 


1 ) — from (i), 

2000 ' ' 

= 100, 

1 

I 


I 

1975 2000 

1 


25 


1975 . 2000 


(i) 


(ii) 


1975 • 2000 . 8* 

Hence, from the value of the acceleration in (ii), when x ^ o, 


d*x 

di* 


= — 2 av^ 


2 . 2000* 


1975 . 2000 . 8 


lO* 

1975 


ft ./sec.* 


or 


Hence the initial retarding force is m 
lo* 


1975 • 32 


1975 

15-8 of the weight of the particle. 


Example (iii). 

A particle is released from rest at a distance a from a centre of force 
um 

whose attraction is — ^ , where m is the mass of the particle, /x a constant, 

and X the distance of the particle from the centre. Find the time taken to 
reach the centre. 

The equation of motion is 

vdv fim 
”*dx~ ~'x*‘ 

it'* = ^ + c, 

and 1/ = o when x = a, C — = - , 
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Since ^ is initially negative we take the negative sign. 
The equation is then written 



Putting X = a cos* 0 ^ dx = ■— 2a cos 6 sin 6 d$, 
and the equation becomes 

dt = \/™ . 2 cos* 6 do, 

\ 2fi 

^ ■ 

no constant is needed since x = a and 6 = 0, when t — o. 

When X = o, ^ and 
2 



Example (iv). 

A particle falls from rest at a point A whose altitude above the surface 
of the earth is equal to the radius. Show that the velocity on arriving at 
the surface is equal to that acquired by a particle falling from rest through 
half that distance under a constant force g, where g is the acceleration at 
the earth's surface, 
am 

Let — be the attraction of the earth on a mass m at distance x 

from the centre of the earth, 

Then if the radius of the earth = a. 




Hence, when ;r = a. 
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and this is the same as the velocity acquired by falling a distance - 
with constant acceleration g. 

Note . — The expression “ a constant force g ” used in the question 
is understood to mean the force which would produce this acceleration. 
It is the value of the force for unit mass. 


EXAMPLES XXXIX. 

1. A particle moving in a straight line describes a distance x in time t 
given by the equation 

t = ax^ 4- bx ; 

where a and h are constants. Find the velocity t; as a function of x, 
and prove that the retardation of the particle is 2av^. 

Determine a and h from the following observations ; and find 
the value of v at the second observation. 

;»r in feet o 150 300 

t in seconds o 6 15 (C.S.) 

2. A point moves in a straight line so that its distance x feet from an 
origin in this line is given by 

X 2t^ — — 12/ 4- 18, 

where t is the time in seconds. 

Find the times at which the point is at the origin. Also find the 
times at which the point is at rest, and its distance from the origin 
then, and also its acceleration at this time. Give the units through- 
out. (I.C.) 

3. A particle has acceleration at time t seconds given by if = 2/ ~ i. 

At / = 4 seconds the speed is 6 ft. /sec., and the displacement at / ~ o 
is 5 feet. Find the displacement at time t. When will the particle 
be at rest, and what will be the displacement then ? (IG.) 

4. A particle starts from rest at a distance a from a centre of attracting 
force varying as the direct distance and subject to a resistance 
per unit mass equal to k times the velocity. Prove that before 
coming finally to rest at the centre it travels a distance 

a coth kT), 

where T is the period of the damped oscillation. (C.S.) 

5. A particle is projected in a medium whose resistance is proportional 
to the cube of the velocity and no other forces act on the particle ; 
while the velocity diminishes from to v, the particle traverses a 
distance d in time /. Show that 

d _ 

1 

6. A particle is projected in a medium in which the resistance varies 
as the cube of the velocity, and the effect of other forces may be 
neglected ; the time T is observed which the particle takes to 
travel from P to Q, prove that the velocity at the middle point of 

PQ is ^ where D is the length of PQ.. 



THE HODOGRAPH 


318 


7, If a particle moves in a straight line towards a centre of force which 
attracts according to the inverse square of the distance, starting 
from rest at a distance 2a from the centre, show that the time of 
motion from the distance 2a to the distance a is to the time from the 
distance a to the centre in the ratio ir 2 : rr 2. 

8. A smooth circular wire of radius a is fixed in a horizontal position. 
A small ring, attached to a point of the wire by an elastic string of 
natural length a, is placed at the point of the wire opposite to the 
point of attachment and slightly disturbed. Show that the hori> 
zontal component of the pressure of the wire on the ring will be out- 
wards until the extension of the string is Ja, and will afterwards 
be inwards. 


9. Form the equation of motion of a particle moving in a straight line 
against a resistance varying as the cube of the velocity ; and show 
that the distance described in any time is the same as if the particle 
moved uniformly with its velocity at the mid-point of that distance. 
The particle passes three points at distances apart at equal 

intervals of time ; show that its velocities at these points are in- 
versely in the ratios 

- 2d^^ : d^^ 4 - di ^ : d^^ - 2dt\ 


where d^ ^ d^ d^. (H.C.) 

10. The action of a large mass fixed at the origin of co-ordinates on a 
small particle of mass m free to move along the axis OX is of a 
twofold character. There is an attractive force whose amount is 
Am times the distance of m from the origin and a repulsive force 
varying inversely as the square of the same distance and equal to 
fxm when the distance is unity. Find the position of equilibrium of 
the particle. Prove that it is a position of stable equilibrium, and 
that when the particle executes small oscillations about this position 
it does so in the period in which it would oscillate about the origin if 
'the attractive force were three times its strength and the repulsive 
force did not exist. (N.U.4) 


II. 


A particle of mass m is projected in a resisting medium in a direction 
making an angle a with the horizontal, the horizontal component of 
its velocity being v. If the resistance is mk times the velocity, 
where k is small, prove that the equation of the path can be written 
in the approximate form 


y ~ X tan a 




when squares and higher powers of k are neglected. 


(N.U.4) 


§ 205. The Hodograph. 

Let a point move on any curve and let P (Fig. 130) be its position 
at time t. From any point O draw a straight line OH to represent 
in direction and magnitude the velocity of the point, v, at P. 

Then OH is parallel to the tangent to the path at P, and its 
length is kv, where ^ is a constant depending on the scale on which 
OH represents v. 
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along its path, H describes another curve which is called the.hodo- 
graph of the first curve, i.e. of the path of P. 

If P' represent the position of the point at time t + dt, and H' 
be the corresponding point on the hodograph, then, since OH' 
represents the velocity at P', the third side HH' of the triangle 
OHH' represents the change in velocity during the time dt. 

HH' 

Hence represents the rate of change of velocity during this 

time, and when dt is very small this is the acceleration of the point 
at P. But when dt is very small HH' becomes the arc of the hodo- 
HH' 

graph and represents the velocity of H. 

Hence the velocity of H in the hodograph represents, in magni- 
tude and direction, the acceleration of P. 

§ 206. If the speed of the point P is constant the hodograph is a 
circle with O as centre, and in this case the tangent to the hodograph 
at H is perpendicular to OH, i.e. it is perpendicular to the tangent 
to the path of P. 

Hence the acceleration of P is along the normal to its path. 
Also, if ds' is the length of an element of arc of the hodograph. 


But 


ds* 

the acceleration of P = 

dt 

ds' _ds' dd _ ^^dd ^dd 

Tt ^ Te ' Jt~ It’ 


where dB xs, the angle between two consecutive normals to the 
path of P ; hence, if ds is the element of arc of the path, 

dO dB ds 

dt ds * dt* 

and ^ Ts where p is the radius of curvature of the path 
at P. 

Hence the acceleration of P is — along the normal to the path 
at P. 
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§ 207. component velocities of a moving point 

P. the co-ordinates x\ y' of the corresponding point H of the hodo- 
graph are 


x’ v’-k^y 

~ It' 

where k is an arbitrary constant. 

dx d"v 

If we know the values of 3 - and in terms of t, then, by elimina- 
at at 

ting t we obtain a relation between x' and y' which is the equation 
of the hodograph. 


EXAMPLES XL. 

I. What is meant by the hodograph of a moving point ? A truck 
moves with the uniform sp>eed of 12 m.p.h. along a horizontal 
circular track of mean radius 128 feet. Draw the hodograph of its 
motion over the quadrant beginning due east, and ending due north 
of the centre. 

Assuming that the track is of 2 feet gauge, find the elevation of 
the outer rail above the inner in order that lateral thrust on the 
rails may be avoided. (H.S.D.) 

2. A flywheel of radius 4 feet rotates in a vertical plane so that its rim 
has the uniform linear speed of 8 ft. /sec. A small weight is placed 
on the rim at its highest point ; show that, if there is no slipping, 
it travels with the wheel through J of a revolution, and then leaves 
the wheel and moves freely under gravity. Draw the hodograph 
of the motion of the weight and insert the vector line which represents 
its velocity when it reaches the level of the centre of the wheel. 

3. Prove that the hodograph of the path of a projectile is a vertical 
straight line. 

4. Find the hodograph of (i) a uniform circular motion ; (ii) the para- 
bolic motion of a projectile moving under gravity ; (iii) the motion 
of a point whose rectangular co-ordinates at time t are given by 

AT == ii\ y = (C.W.B.) 

5. Find the hodograph of the motion of a point whose rectangular 
co-ordinates at time / are given by 

X = + t, y ^ />. 

6. A line turns round a fixed end O with uniform angular velocity co, 

and a point P moves along the line with uniform velocity v away 
from O. Find the magnitude and direction of the velocity of P 
when it is at a distance r from O, and prove that the hodograph of 
its motion is a spiral curve, i.e. a curve in which the polar radius 
continually increases with the vectorial angle. (C.W.B.) 
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MOTION OF A RIGID BODY ABOUT A FIXED AXIS. 

§ 208. A rigid body is one whose shape and size are invariable, so 
that the distance between any two points of it is always the same. 

Such a body is said to be moving in two dimensions when all 
points in the body move in parallel planes, e.g. a cube swinging about 
one of its edges, or sliding on a horizontal plane with the same face 
always in contact with the plane. 

We shall consider first the case where some line in the body is 
fixed and the body rotates about this line as axis. 

§ 209. Kinetic Energy of a Body Rotating about a Fixed Axis. 

Let the Fig. (131) represent a section of the body which is rotat- 
ing about an axis through O perpendicular to the plane of the 
paper with angular velocity a>. 

O) 



Consider a particle of the body of mass m at P, where OP = r. 
The velocity of P is rco, and the kinetic energy’ of the particle m is 
therefore 

The kinetic energy of the whole body is the sum of the kinetic 
energies of all its particles, i.e. the S denoting summation 

for the whole of the body, both in the plane shown in the figure 
and for parallel planes, the value of r for each particle being its per- 
pendicular distance from the axis of rotation. 

Now CO is the same for all the particles, 

The quantity Zmr^ is of great importance, and occurs in all 
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problems involving the rotation of a rigid body. It is called the 
Moment of Inertia of the body about the axis from which r is measured 
and is usually denoted by I or K. 

The moment of inertia of a body about any axis is thus obtained 
by multiplying the mass of each particle of the body by the square 
of its distance from that axis, and adding the results for all the 
particles of the body. 

If the body consists of a finite number of particles, the value 
of Emr'^ is obtained by ordinary addition. In the case of a rigid 
body, where the number of particles is infinitely great, the summa- 
tion is effected by integration. 

If a body is rotating with angular velocity co about a fixed axis, 
and its moment of inertia about that axis is I, the kinetic energy 
of the body is 

iIco2. 

This expression corresponds to the Jwv- for a particle, the moment 
of inertia I taking the place of the mass m, and the angular velocity 
a> replacing the linear velocit}^ v. 

§ 210. If the whole mass M of a body be supposed concentrated 
at a point distant k from the axis such that has the same value 
as the moment of inertia about that axis, i.e. Mk^ = Emr^, the length 
k is called the Radius of Gyration about the axis. 

The form Mk‘^ is the one in which moments of inertia are usually 
expressed. For a given body, M is the same for all axes, but the 
value of k differs for different axes. If M is in pounds and k in 
feet the moment of inertia is said to be in pound-foot squared or 
lb./ft.2 units. 

§ 211. Moment of Inertia of a Thin Uniform Rod about an 
Axis through its Centre Perpendicular to its Length. 


Y 

P 

— i_i — 

0 

JC 

doc 

Y* 




Fig. 132. 

Let AB (Fig. 132) be the rod, 2a its length, O its middle point, 
and m the mass per unit length. 

The mass of an element of length at is mdx, and if OP ^ .r, 
the mcment of inertia of the element about YY' in mxHx. 

To obtain the moment of inertia of the whole rod we have to 
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sum this expression by integration for the whole length of the rod, 
i.e. we have to evaluate the integral 


jmx^dx. 


NowTwT^^ and ^xHx ~ 

4-a a 

jntx^dx ~ J ~ Jma*. 


Also, if M is the mass of the rod, M — 2 am, 

a^ 

the moment of inertia =- M — 

3 

If the axis is perpendicular to the rod through one end, the 
expression mx^dx has to be integrated from o to 2 a, 


and 


mx^dx = m 


[fj: 


8a» 


w- 


■ M 




This is the moment of inertia about a perpendicular axis through 
one end. 


§ 212. Moment of Inertia of a Rectangular Lamina about an 
axis through its centre parallel to one of the sides. 


A 

Y 

3 

n 



n 

r 




X 


G 

X‘ 

1 

D 


C 



Fig. 133. 

Let ABCf) (Fig. 133) be the rectangle, AB = 2^i, BC = 26, and 
(jr the centre. 

To obtain the moment of inertia about YY', parallel to BC, 
we divide the rectangle into elementary strips, as PQ, perpendicular 
to YY'. From the last paragraph, the moment of inertia of each 

strip IS equal to its mass multiplied by — . 
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Hence the moment of inertia of the rectangle, which is the same 
as the sum of the moments of the strips, is 

^3’ 

where M is the mass of the whole rectangle. 

Similarly the moment of inertia about XX', parallel to AB, is 

3 

§ 218. Moment of Inertia of a Thin Vnilonn Rod about an 
axis through its centre inclined at an angle 0 to the rod. 



Let AB (Fig. 134) be the rod of length 2a, O its middle point, 
and YOY' the axis. If m is the mass per unit length, the mass of 
an element dx at P is mdx, and if OP — x, the distance from the 
axis YOY' is x sin $. 

Hence the moment of inertia of the element about YOY' is 
mx^ sin^ 6 dx, 

The moment of inertia of the whole rod is 


m sin® 6 


+a 

d^x*dx = 


m sin® B . 


2a^ 


3 ^ 


= M^sin2 d, 

3 


where M is the mass of the rod. 


§ 214. Moment of Inertia of a Parallelogram about an axis 
through its centre parallel to one of the sides. 

Let ABCD (Fig. 135) be the parallelogram, AB = 2a, BC = 2b, 
G the centre, and let ADC = B. 

If we divide the parallelogram into elementary strips (as PQ) 
parallel to AB, the moment of inertia of each strip about YY' is 

equal to its mass multiplied by ~ sin® B. 
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Fig. 135. 


Ht'iice the monu-nt of inertia of the parallelogram, which is 
equal to the sum of the moments of the strips, is 

M - sin2 0. 

Similarly th(‘ iiionuait of inc'ilia about XX' is 

M sin2 e. 

3 

§ 215. Moment of Inertia of a Circular Ring about an axis 
through its centre perpendicular to the plane of the ring. 

Let the radius of the ring be a, then each particle of the ring is 
at th(‘ same distance a from the axis, 

hence Emr- Sma- ™ a^Em 

~ Ma\ 

where M is tlu' mass of the ring. 

§ 216. Moment of Inertia of a Circular Disc about an axis 
through its centre perpendicular to the plane of the disc. 



Fig. 136. 

Let O (Fig. 136) be the centre of the disc, a its radius, and m 
the mass per unit area. 

Divide the disc into concentric rings of breadth dx. 

The mass of a ring of radius x is zmnxdx, and its moment of 
inertia is 27Tnix\lx. 

The moment of inertia of the whole disc is obtained by integrating 
this expression between the limits o and a. 
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Now 


'a 

2TTmx^dx = 27rm 

0 



2iTma* __ Trma* 

■”4 “"T"’ 


and if M is the mass of the disc, 


nma^ ~ M ; 


the moment of inertia — M 


The moment of inertia of a circular cylinder about its axis is of 
the same form, i.e. if M is the mass of the cylinder and a its radius, 


the moment of inertia is M - 


For if we divide the cylinder into 


slices perpendicular to the axis, the moment of inertia of each slice 
is equal to its mass niulti])lied by — . The moment of inertia of 
the whole cylinder, which is equal to the sum of the moments of 
the slices, is therefore equal to the total mass multiplied by — . 


§ 217. Moment of Inertia of a Solid Sphere about a diameter. 

A 



Fig. 137. 

Let O (Fig. 137) be tlie centre of the sphere, a its radius, m the 
mass per unit volume, and AB any diameter. 

Divide the sphere into circular slices of thickness dx perpendicular 
to AB. 

For a slice PQ, distant x from O, the volumt* is 7r(a* — x^)dx, and 
the moment of inertia about AB is 


(a2 ^ 

TTfn- dx, 

2 


The moment of inertia of the whole sphere is the integral of 
this between the limits — a and + a, but, as the value of the integral 
is evidently the same for the upper and lower halves of the sphere, 
this is the same as twice the integral from 0 to a, 

VOL. 1. 
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‘71' ' P H 

2 — I (a® “ x^)Hx = irm\ (a^ — 2aH'^ + ^*)dx 
2 J 0 Jo 

— inn^H — 

= TTin^jra^. 

Now if M is the mass of the sphere, 

M — }.Tra^m, 

the moment of inertia — M'^^. 

§|18. We shall now prove two theorems which are very useful 
for calculating the moments of inertia of a body about other axes 
when we know the moments of inertia about certain standard axes. 
In this way a large amount of integration is avoided. 

§219. Theorem of Parallel Axes. 

If the moment of inertia of a body, of mass M, about an axis 
through its centre of mass is /, the moment of inertia about a parallel 
axis at a distance a from the first axis is I -j- Ma^. 



Fig. 138. 


L(‘t the Fig, (138) represent a section of the body through its 
centre of mass (i, and let the moment of inertia about an axis 
through (i perpendicular to the plane of the paper be /. We 
require the moment of inertia about a parallel axis through O where 
GO - a. 

Let P be any particle of the bodv of mass w, GP = r, and 
OGP e. 

The moment of inertia about the axis through O is 
Zm . OP2 Zm{r’^ — 2 ar cos B), 

Zmr^ 4 Zma^ — zaZmr cos 6 . 


Now Zmr^ I, Zma^ — Ma^, and Zmr cos ^ = o. 

The last result follows from the formula for finding the centre 


of mass of a l>ody. The distance of the centre of mass from a plane 
through G jx^rpendicular to GO is and, as G is the centre 

Jjm 


of mass, this must be /x*ro, so that Zmr cos 6 o. 


Hence the moment of inertia about the parallel axis through 
O is 


/ 4 Mu\ 
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For example, the moment of inertia of a thin rod, of length za, 
about a perpendicular axis through its centre is M 

3 

Hence the moment of inertia about a perpendicular axis through 
one end is 

This is the result arrived at by integration in paragraph 211. 

§220. If the moments of inertia of a lamina about two perpendicular 
axes in its plane which meet at O are A and B, the moment of inertia 
about an axis through 0 perpendicular to the plane of the lamina is 
A + B. 



Let OX, OY (Fig. 139) be the two perpendicular axes in the 
plane of the lamina, and OZ an axis perpendicular to the lamina. 

If m is the mass of a particle of the lamina at P, where OP r, 
the moment of inertia about OZ is Umr^. 

But, if X, y are the co-ordinates of P referred to OX, OY as axes, 

Umr^ Emx^ - 1 - Emy^, 

Now Emx"^ is the moment of inertia about OY (—5), and Emy^ 
is the moment of inertia about OX (~ A), therefore the moment of 
inertia about OZ ~ A + B. 


§ 221. In § 212 we proved that the moments of inertia of a 
rectangular lamina of sides za, zb about the axes through its centre 

a* 

parallel to the sides zb, za are M — and M — respectively. 


From the theorem of the last paragraph the moment of inertia 
about an axis through the centre of the rectangle perpendicular to 
its plane is 



oA + b^ 


3 
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From the theorem of parallel axes the moment of inertia about 
one of the sides of length 2a is 

+ Mb^ = 

3 3 

In § 216 we proved that the moment of inertia of a circular disc 



Now by the theorem of the last paragraph this is equal to the sum 
of the moments of inertia about two perpendicular diameters. But 
the moment of inertia is the same about all diameters, hence the 
moment of inertia about a diameter is half that about the perpen- 
dicular axis through the centre, 

the moment of inertia about a diameter ^ M 

4 

From the theorem of parallel axes w(i see that the moment of 
inertia about a tangent line is 

+ = AfV- 

4 4 

§ 222. Products o! Inertia. 

If we take two axes OX, OY in the plane of a lamina, and 
multiply the mass of every particle of the lamina by the product of 
its two co-ordinates x and y, then Emxy is called the product of 
inertia with respc'ct to these two axes. 

If the product of inertia about the two axes OX, OY is zero, 
the axes arc called Principal Axes of the lamina at O. 

It is evident that the product of inertia will vanish if either 
axis is an axis of symmetry of the lamina ; for, if it is symmetrical 
about OX, say, then corresponding to any terms m^x^y-^ in Emxy 
there will be another term ntiX^i— y^), and these will cancel on 
summation, 

§ 228. To find the relation hctrd'een the moments and products of 
inertia of a lamina about different pairs of rectangular axes in its 
plane drawn through the same point. 


Y 



Fic. 140 , 
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Let A, B be the moments of inertia about the rectangular axes 
OX, OY (Fig. 140), and F the product of inertia about these axes. 

A = B = Zmx^, F = Zmxy, 

If x\ y* are the co-ordinates of a point P referred to new rec- 
tangular axes OX', OY', where XOX' = B, then 

x' ~ X cos 6 y sin 6 , 
y' = y cos ^ % sin 6 . 

Hence the moment of inertia about OX' is 

Emy*^ — Em(y cos B ~ xsin B)^, 

~ cos^ B Umy^ + sin^ B Smx^ — 2 sin ^ cos B Emxy, 

= A cos^ B B sin^ B ~ 2F sin B cos B . . (i) 

riic moment of inertia about OY' is 

Emx'^ ^ Em{x cos B + v sin B)^, 

~ cos^ B Emx^ sin^ B Zmy^ + 2 sin ^ cos B Zmxy, 

= A sin^ B B 6 2F sin B cos B . . . (ii) 

The product of inertia about OX', OY' is 
Emx'y “ Em(x cos 0 + jy sin B){y cos ^ ^ sin ^), 

— Em[y^ sin B cos B ~x^ sin B cos B -f ^^^(cos^ B — sin^ S)], 
— (A — B) sin B cos Bi-\- F cos 2B ... (iii) 

If OX, OY are principal axes, F =? o, and these values become 

A cos* B + B sin* B, 

A sin* B + B cos* B, 

{A — B) sin B cos B. 

Example. 

Find the moment of inertia of a square of side 2a about a diagonal, 
and its product of inertia about the two diagonals. 



Fig. 141. 


The moments of inertia about the axes through the centre O (Fig. 

Ma* 

1 41) parallel to the sides are each equal to . 

3 

A sse B sss 

3 


Hence 
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The angle between the two axes of x is 45®, so that B =* 45®. 

The moment of inertia about the new axis of x is 

A cos* $ B sin* d = + i) =* -W 

It is obvious that the moment of inertia is the same about each 
diagonal. 

Since A ~ B, the product of inertia about the diagonals, which is 
equal to (A — B) sin B cos B, is zero. 

§ 224. Moment of Inertia of a Rectangular Priam about an 
axis through its centre perpendicular to a pair of faces. 

Let the length of the sides be 2a, 2 h, 2c, and the axes Ox, Oy, 
Oz perpendicular to the faces as shown in Fig. 142, 0 being the 
ce’^tre of the prism. 



To find the moment of inertia about Ox we divide the prism 
into slices perpendicular to this axis. The edges of each of these 

rectangular slices are zh and 2C, and the moment of inertia of each 

^2 

slice about Ox is the product of its mass and . 

Hence the moment of inertia of the whole prism is 


Similarly for the axis Oy perpendicular to the faces whose 
edges are 2a and 2h, the moment of inertia is 


M 


3 


If the prism is a cube of edge 2a, then h ~ c ^ a, and the. moment 
of inertia about any of the three axes through the centre perpen- 
dicular to a pair of faces is 
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EXAMPLES XLI. 

1 . Find the moment of inertia of a circular ring of mass M and radius a, 
about an axis through a point of the ring perpendicular to its 
plane. 

2. Prove that the moment of inertia of a uniform rod of length 2a about 
an axis intersecting the rod at right angles at a distance h from its 
centre is M (Ja* -j- h*), where M is the mass of the rod. (H.C.) 

3. Show that the moment of inertia of a cube, of mass M and edge 2a, 
about one of its edges is 

4. Find the moment of inertia of a square lamina, of mass M and side 
2a, about an axis through one comer perpendicular to the plane of 
the lamina. 

5. Find the moment of inertia of a rectangular lamina, of mass M and 
sides 2a, 2b, about an axis through one corner perpendicular to the 
plane of the lamina. 

6. Find the moment of inertia of a circular ring, of mass M and radius 
a about a diameter. 

7. Prove that the radii of gyration of (i) a circular disc of radius a, (ii) 
a circular ring of radius a, about a tangent line are respectively 

and 

2 2 

8. Show that the moment of inertia of a square lamina, of mass M and 
side 2a, about any line through its centre in the plane of the lamina 

IS M— . 

3 

^ Show that the moment of inertia of a rectangular lamina, of mass M 
and sides 2a and 2b, about a diagonal is 

2a*^* 

M— 

10. Prove that the moment of inertia of a solid cone about its axis is 

where M is the mass of the cone and a the radius of the base. 

11. In a uniform circular plate, of 5 feet diameter, is punched a hole of 

I foot diameter, the centre of the hole being 18 inches from the centre 
of the plate. Find the moment of inertia of the plate (i) about the 
diameter which passes through the centre of the hole, (ii) about the 
diameter which is perpendicular to this. (I.E.) 

§ 225. Moment of Inertia of a Thin Hollow Si»here about a 
diameter. 

Let a be the radius of the sphere, m the mass per unit area of 
surface, and O its centre (Fig. 143). 

To find the moment of inertia about a diameter AB we divide 
the surface into elementary circular bands, such as PQ, perpen- 
dicular to AB. 

[Care must be taken not to assume that the width of the band 
is the same as its thickness measured in the direction OA.] 
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A 



B 

Fig. 143. 


If the angle QOA 0, the band subtends an angle dO at 0 and 
its breadth is add. 

The radius of the band is a sin 0, so that its mass is 27rma^ sin Odd, 
’ its moment of inertia about AB is 

27rwa® sin 6 . dS . sin® 0, 

= 27Tma* sin* 0 . dS. 

The moments of inertia of the lower and upper halves of the sur- 
face are obviously equal. Hence to obtain the moment of inertia 

of the whole surface we integrate the above expression from 0 to ^ 

2 

and double the result. 

w V tr 

Now p sin® 0d0 = p — sin® 0d(cos 0) = p (cos® 0 ~ i)ff(cos 0), 
Jo Jo Jo 

tr 

= [J cos® 0 - cos fl]® = - i + I = §. 

2 r 2nina^sin^ 0d0 = - mna^. 

Jo 3 

But if M is the mass of the sphere, M == 47rma^, 
the moment of inertia = 

§ 226, Moment 0 ! Inertia of a Solid Ciiciilar Cylinder about a 
diameter of an end face. 



Fig. 144, 
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Let AB (Fig. 144) be a diameter of an end face, a the radius and 
/ the length of the cylinder, m the mass per unit volume. 

Divide the cylinder into circular slices, as PQ, of thickness dx 
pei’ixmdicular to the axis. 

The mass of a slice is irma^dx, and its moment of inertia about 
iU oim diameter parallel to A B is 

0 7 TTina^ . 

Trma^dx—, or dx. 

^ 4 

If the distance of the slice from AB is x, the moment of inertia 
about AB (by the Theorem of Parallel Axes) is 

TTfrta^ 1 I 9 9 j 

dx f nma^x^dx. 

4 


Hence tlie moment of inertia of the whole cylinder about AB 
is obtained by integrating this expression from a* -- o to % = 1 . 


Now, f ^^~dx f f nmaHHx, 

Jo 4 Jo 


TrtnaH 


4 - \'iTmaH^. 


The volume of the cylinder is naH, and if its mass is M, 
M — irmaH. 


Hence the moment of inertia about AB is 




M - + M 
4 3 


M 



The moment of inertia about an axis through the centre of 
gravity perpendicular to the axis of the cylinder, i.e. parallel to 


AB is 



EXAMPLES XLIL 

1 . Show that the moment of inertia of a hollow sphere, whose external 
and internal radii are a and 6, about a diameter is 

2M a* — 6® 

where M is the mass of the sphere. 

2. A solid flywheel of 18 inches diameter and 4 inches thick is keyed on 
to the end of a shaft of 4 inches diameter whose whole length is 
2 feet 4 inches. 

Find the moment of inertia of the wheel and shaft about a 
diameter of the outer face of the flywheel. 
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3. Show that the moment of inertia of a hollow circular cylinder, whose 
length is A, and external and internal radii R and r, about an axis 
through its centre at right angles to its length, is 

+ r* + - 

M ^ (Q.K.) 

4 

i|. Show that the moment of inertia of a paraboloid of revolution about 
M 

its axis is — X the square of the radius of its base. 

3 

5. Three rectangular areas, 2 feet by 2 inches, 3 feet by 2 inches, and 
I foot by li inches, are fitted together to form a T figure, the longest 
and shortest areas forming the cross-pieces. Find the moment of 
inertia of the figure about the outer edge of the shortest area. (I.E.) 

6. A sledge hammer consists of an iron rectangular block 6 inches X 2 

inches X 2 inches. A central circular hole of i inch diameter is bored 
through it at right angles to one of its longer faces and a light shaft 
3 feet long of wood is fitted into it. Find the moment of inertia of 
the hammer about a line drawn through the mid -point of the far end 
of the shaft normal to the axis of the shaft and parallel to the small 
face of the block. (Take the density of iron as 437J lb. per cubic 
foot.) (C.S.) 

7. Find the moment of inertia of a thin hemispherical bowl (i) about 
the radius through the centre of gravity ; (ii) about a perpendicular 
line through the centre of gravity, 

§ 227. A number of results in connection with the motion of a 
rigid body about a fixed axis can be deduced from the principle of 
energy. We have seen that if the moment of inertia of a body 
about the fixed axis is I and cu is its angular velocity, its kinetic 
energy is Hence if the body is released from rest in any posi- 

tion we can find its angular velocity in any other position by equating 
J/oi® to the loss of potential energy. This loss is equal to the pro- 
duct of the mass of the body and the distance the centre of gravity 
has descended. 

Again, if a weight is connected to a fine string wound round a 
flywheel which is suspended so that it can rotate on a horizontal 
axis, and the weight is allowed to run down ; the sum of the kinetic 
energies of the flywheel and the weight in any position must be equal 
to the loss of potential energy of the weight (assuming that there is 
no loss of energy due to friction). 

This method is illustrated in the following examples : — 

Example (i). 

A uniform rod, of length 2a, can turn freely about one end ; if it be 
let fall from a horizontal position, find its angular velocity when it first 
becomes vertical. 

Let M be the mass of the rod, AB (Fig. 145) its initial position, 
A being the fixed end and G the centre of gravity. 
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Its moment of inertia about the axis at A is 
When it has descended to the position A'G'B' where ^BAB' = 6 , 
the centre of gravity has descended a vertical distance a sin 0 , and 
the loss of potential energy is Mga sin 6 . 

dd idd\ 2 

The angular velocity is and the kinetic energy is \ f^Ma^ \di) * 

Hence the angular velocity is given by 


Mga sin 


When the rod is in the vertical position AC, ^ ~ 


and the angular velocity 



Example (ii). 

The weight of a solid flywheel is 0-45 tons, its diameter is 2 feet, the 
axle is of diameter 4 inches and weight 0-05 ton. The wheel and axle 
are set in motion by means of a string wound round the axle and carrying 
a weight of 20 lb. Find the kinetic energy of the wheel and axle when 
the weight reaches the floor 10 feet below the starting-point. 

The moment of inertia of the wheel — *45 x 2240 x J lb. ft.* 

,, ,, „ axle = *05 X 2240 X lb. ft.* 

The total moment of inertia 



When the 20 lb. mass has descended 10 feet, the loss of potential 
energy is 2oog ft. pdls. 

If w is the angular velocity of the wheel and axle when the weight 
reaches the ground, the velocity of the weight is ft. /sec. 

The kinetic energy of the wheel and axle is |/o>* ft. pdls., and that 
of the weight is 
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i . 20 ^ = ft. pdls., 
30 10 

.*. = 200 X 32, 


200 X 32 X 18 


5115 


The kinetic energy of the wheel and axle is 

200 X 32 X 18 


18 


5110 j 5110 

= 3^5 
" 4092 


5115 

ft. tons. 


, ft. pdls. 


§ 228. Determination of the Moment of Inertia of a Flywheel. 

The method of the last example can be modified to determine 
the moment of inertia of a flywheel. 

The axle of the wheel is mounted horizontally on ball bearings 
to reduce friction. There is usually a small peg on the axle over 
which a loop in one end of the string, to which the weight is attached, 
is placed. This peg is also useful in counting the number of revolu- 
tions made by the wheel in any time. The height h of the position 
from which the weight is to be released is measured carefully, and 
the number of revolutions made b}’' the wheel while the weight is 
descending is obtained by placing the weight on the ground and 
counting the number of turns of the wheel required to wind it up 
to its starting-point, say n^. The length of the string is adjusted so 
that the loop comes off the peg as the weight reaches the ground. 

The weight is released from rest and the number of revolutions 
made by the wheel after the weight strikes the ground is measured, 
and also the time taken for the wheel to come to rest ; let these be 
^2 and t. 

The friction in the bearings and the rate of retardation of the wheel 
may be assumed constant, so that the average angular velocity 
taken over the whole time required to come to rest will be half the 
initial angular velocity w. 


The average angular velocity == 

• ... = 4 ^* 


The velocity v of the weight on reaching the ground is given by 


V = cur, 

where t is the radius of the axle of the flywheel. 
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If m is the mass of the weight and I the moment of inertia of the 
flywheel, their kinetic energies when the weight reaches the ground 
are \mv^ and 

The loss of potential energy is mgh. 

Now some work has been done against friction. Let / be the 
amount done in one revolution, then in revolutions the work is 
/, and this is the amount done while the weight is descending. 

mgh “ + nj. 


But the kinetic energy of the wheel, is destroyed b}^ the 
friction in revolutions. 


mgh = \mv^ + + J). 


All the quantities in this equation, except /, are known, and / 
can be calculated. 

If m is in lb., the radius of the axle r, and the height h must be 
expressed in feet. 

I will then be obtained in lb. ft.^ units. 

If w is in grams r and h must be measured in centimetres. 

I will then be obtained in gm. cm.^ units. 


EXAMPLES XLIII. 

1. A heavy circular disc of mass 20 lb. and radius i foot is capable of 

rotation about its centre in a vertical plane. A mass of 10 Ib. is 
attached to the rim at the highest point, and the whole slightly 
displaced. Find the angular velocity when the mass of 10 lb. is at 
the lowest point. (I.E.) 

2. A wheel has a cord of length 10 feet coiled round its axle ; the cord 

is pulled with a constant force of 25 lb. wt. and when the cord leaves 
the axle, the wheel is rotating 5 times a second. Calculate the mo- 
ment of inertia of the wheel and axle. (I.E.) 

3. A straight uniform rod 4 feet long can turn freely in a vertical plane 

about a horizontal axis through the rod at a distance of i foot from 
one end. The rod is held in a horizontal position and then let go. 
Find the velocity of the lower end when the rod is vertical, and the 
kinetic energy of the rod measured in ft. lb. The mass of the rod 
is 20 lb. (Q.E.) 

4. A circular hoop of small section and 3 feet radius weighs 10 lb. and 

has a weight of 5 lb. attached to a point on the rim. It is pivoted 
about a horizontal axis on the rim exactly opposite the weight. 1 f 
it be turned until the weight is at the highest point and then let go. 
find the angular velocity with which the weight passes its lowest 
point. (QB.) 
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5. A uniform circular disc weighs 100 lb. and has a radius of 2 feet ; 
it is pivoted about a horizontal axis through its centre perpendicular 
to its plane, and a weight of 100 lb. is fixed to a point on the disc 
I J feet from the axis. The whole is held with that point of attach- 
ment level with the axis, and is then let go. What will be the maxi- 
mum velocity of the rim of the disc in the subsequent motion ? 

(Q.E.) 

0. The horse-power of a machine is 5, a shearing operation has to be 
performed every 10 seconds which absorbs o*8 of the whole energy 
supplied during that time. If the number of revolutions may only 
vary between 1 00 and 1 30 per minute, find the least moment of inertia 
of the flywheel. (I-EJ 

7. Three equal uniform rods, each of length / and mass m, form the sides 
of an equilateral triangle ABC. P'ind the moment of inertia of the 
frame about the axis through A perpendicular to the plane of the 
triangle. (Assume that the moment of inertia of each rod about an 
axis through its middle point perpendicular to the rod is ml^.) 
The triangular frame is attached to a smooth hinge at A about which 
it can rotate in a vertical plane. The frame is held, with AB hori- 
zontal, and C below AB, and then let go from rest. Find the maxi- 
mum angular velocity of the triangle in the subsequent motion. 

(l.E.) 

8. A torpedo is driven by expending the energy stored in a flywheel, 

initially rotating at 10,000 R.P.M. If the mass of the flywheel is 
200 lb. and it is regarded as a uniform circular disc of diameter 2 feet, 
show that it will be rotating at half the initial rate after about 685 
yards run at 30 m.p.h., assuming that the average p<jwer necessary 
for this speed is 50 H.P. (I-E.) 

9. Two cog-wheels, having respectively 50 and 100 teeth and moments 
of inertia 10 and 50 lb. ft.^ units, are in gear. The larger wheel is 
driven by a light spiral spring which exerts a torque of 0-5 lb. feet 
per revolution through which it is twisted. 

If the spring is wound up through 10 turns initially, and the 
system is then let go, find the maximum speeds which the wheels 
would attain if they ran smoothly and without friction. (Q-E-) 

10. A flywheel, 2 feet in diameter and weighing 20 lb., is keyed on to a 

shaft of b inches diameter, which can turn freely in smooth hori- 
zontal bearings ; a long fine string is attached to and wrapped round 
the axle and carries at its other end a mass of 10 lb. The wheel is 
turned until it acquires a speed of 480 R.P.M. , and is then left 
running. Prove that it will come to rest after about 33 more revolu- 
tions. [Neglect the masses of the axle and string, and assume the 
mass of the wheel to be concentrated in and uniformly distributed 
round its rim.] (H.C.) 

1 1 . A uniform wire in the form of a circle of radius a swings in a vertical 
plane about a point A in the circumference.' It starts from rest 
with the diameter AB horizontal. Find its angular velocity when 
AB is vertical. 

12. Calculate the energy in ft. lb. of a disc of 3 feet diameter and J inch 

thick, of material weighing 500 lb. per cu. foot, rotating about an 
axis through its centre at right angles to its plane and making 2000 
R.P.M. ^ (Q.E.) 
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13. A uniform straight rod 6 feet long swings in a vertical plane about 
one end ; if K is the velocity of the free end of the rod in its lowest 
position, find the least value of V consistent with the rod making 
a complete revolution. 

Compare this with the case of a weight hung by a cord of the 
same length as the rod, and making a complete revolution in a 
circle. (Q E ) 

14. A circular disc of uniform thickness, of radius a feet and mass M lb., 

is rotating with angular velocity w about a fixed axis at right angles 
to its plane, at a distance b feet from its centre ; find its Idnetic 
energy in ft. lb. (Q-P ) 

15. A flywheel, of mass 100 lb. and diameter 4 feet, is fixed to the end of 

a light horizontal axle of i foot diameter. A long light cord w^ound 
round and fastened to this axle carries at its free end a weight of 
20 lb. The flywheel is turning at the rate of two revolutions per 
second in the direction to wind up the weight, when it is suddenly 
left to itself. How many revolutions will the wheel make before 
coming to instantaneous re.st ? (N.U.3) 

§ 229. D’Alembert’s Principle. 

It w^as mentioned in paragraph 77 that, for a particle of mass 
d^x 

m, the quantity is called the effective force acting on the particle 

in the direction of the ;i'-axis, i.e. this is the force required to give 
the particle its actual acceleration in that direction. In the .same 

way is the effective force in the direction of the y-axis, and, if 

dy 

dH 

the motion is taking place in three dimensions, is tlit* effective 
force parallel to the >axis. 

If / is the resultant acceleration of the particle at any instant, 
then m/is the resultant effective force at that instant. 

Now when the particle is part of a rigid bod^^ it is acted 
on by external impressed forces (such as gravity), and also by 
the reactions of the neighbouring particles of the body. Let F 
be the resultant of the impressed forces, R the resultant of the 
internal forces acting on the particle. Then mf is the resultant 
of F and R. Hence, if m/be reversed, it will be in equilibrium with 
F and R. The same reasoning applies to every particle of the 
body, so that we have a group of forces similar to a group similar 
to F, and a group of effective forces similar to m/, and if all the 
forces of the last group are reversed they will be in equilibrium with 
the other two groups. But, by Newton's third law, the forces of 
group R must be in equihbrium among themselves, since they are 
internal reactions between the particles. 

It follows that the group F, i.e. the impressed forces, must be 
in equilibrium with the group mf reversed. 
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This is D AlcmberCs Principle, which may be stated as follows : — 

The reversed effective forces for all the particles of the body and the 
external impressed forces are in equilibrium. 

This really reduces the solution of a dynamical problem to that 
of a statical problem. 

We resolve the impressed forces into components parallel to the 
axes and equate each component to the sum of the reversed effective 
forces in the direction of that axis. 

The sum of the moments of the impressed forces about any 
axis is also equal and opposite to the sum of the moments of the 
reversed effective forces about that axis. 

In the case of a rigid body rotating about a fixed axis, we choose 
the axis of rotation as the axis about which we take moments. In 
this way we avoid introducing the impressed forces due to the axis. 

We shall now show how to find the moment of the effective 
forces for all the particles of the body about the axis. 

§ 230. A rigid body is rotating about a fixed axis, to find the moment 
of the effective forces about the axis of rotation. 

Let any plane fixed in space, and passing through the axis of 
rotation, be taken as the plane of reference, and let 6 be the angle 
which any other plane through the axis and fixed in the body makes 
with the first plane. Then 6 is the angular velocity of the body 
about the axis of rotation, and this will also be the angular velocity 
of any particle m of the body. If r is the distance of a particle 
m from the axis, the velocity of the particle is r6 perpendicular to 
the plane containing the axis and the particle. 

The moment of momentum is obviously mr^. 

Hence the moment of the momenta of all the particles is Emr^, 
i.e. the moment of inertia of the body about the axis multiplied by the 
angular velocity. 

The accelerations of the particle m are rS and — rd^ perpendicular 
to, and along the direction in which r is measured. Hence the 
moment of the effective force for m about the axis is mr^S, and the 
moment of the effective forces for all the particles is Emr^S, or 
{Emr^)S, i.e. the moment of inertia of the body about the axis multiplied 
by the angular acceleration. 


§ 281. Motion of a Body about a Fixed Axis. 

-Let L be the moment of the impressed forces about the axis. 
Taking moments about the axis, we have, 




Zmr^ == 




d^d ^ moment of forces about axis 
dff moment of inertia about axis' 
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This equation, when integrated, will give the value of and 0 

(tv 

at any time. The constant introduced at each integration is deter- 

dB 

mined from the initial values of and B. 

At 

We shall now consider a special case, tlie motion of a rigid body 
about a fixed horizontal axis under the action of gravity. Such a 
body is often called a Compound Pendulum. 


§ 282. The Ckimpound Pendulum. 

Take the vertical plane through the axis of rotation as the plane 
of reference, and the plane through the axis and the centre of gravity 
of the body as the plane fixed in the body. 



A| 

Fig. 146. 


Fig. 146 represents a section perpendicular to the axis of rotation 
through the centre of gravity G, cutting the axis in O. 

OA is the vertical through O. 

Let Z, AOG = B, OG = h, and let the moment of inertia about 
an axis through G, parallel to the axis of rotation, be Mk^. 

The moment of inertia about the axis of rotation is therefore 
M(k^ + h^). In the position shown, the moment of the impressed 
forces about the axis through O is Mgh sin B, 

d^B __ _ Mgh sin B 

M(k^ + ¥y 


or 


c^B 

dt^ 


k* + A* 


sin B 


(i) 


If 0 is small we have, approximately, sin 0 
becomes 


0, and the equation 


d»0 

W 




+ A* 




(«) 


This represents a simple harmonic motion of period T, where 
-r „ /** + A* 


VOL. I. 
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In the case of a simple penduliiin, of length /, the period is 27 rA /- ; 
henc(‘ — corresponds to /, and a simple pendulum of length 




would have the same period of oscillation as the compound 


^2 _L 

j)endiilum. The expression — - is theiefore called the length 

of the simple eguivalent pendulum. 

K.quation (i) can be integrated once and the result is 





(iii) 


where C is dt'tennint'd by the initial value of ^ . 

Kquation (iii) gives the value of the angular velocity for any value 
of d, but this is obtained more easily from the principle of energy, 
as explained in § 227. 

Equation (iii) cannot be integrated again to give 6 in terms of i 
without introducing what are called Elliptic Functions. 

The study of these is a branch of advanced mathematics, and 
we can only deal here with the connection betwetm 6 and the time 
w'hen 0 is small, i.e. we must use equation (ii). 

This equation gives 


S ~ A cos {wi d B), 


where cu 


V 


gh 


+ A* 


, and A . B arc constants depending on the 


de 


initial values of and 6. 

(it 


§ 283. Centre of Oscillation. 

The point O where the plane through the centre of gravity 
perpendicular to the axis of rotation cuts this axis is called the 
centre of suspension. 

If I is the length of the simple equivalent pendulum, then, as in 
the last paragraph, 

^ h ' 

Produce OG (Fig. 147) to C, so that OC -- 1. Then C is called 
the Centre of Oscillation. If the whole mass were collected at the 
centre of oscillation and suspended by a thread to the centre of 
suspension, its angular motion and time of oscillation would be 
the same as that of the body under the same initial conditions, 
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im 


0 




G 


Cl 

Fig. 147. 

[f the body is svisj)rnded at C, then since CG I ~ li, the length 
of the simple eiiuivalent ponduhim 1' is now given by 

4 - (/ - hy 

” / ~ /i ■ ’ 

but r- III - h\ 

Ik - //2 I- /2 - 2//1 f /r /(/ h) ^ 

... .. T-h ~ "" / - h " 

- /. 

Hence the period of oscillation about C is the same as that about 
O, and if we can find two points, on a line through the centre of 
gravity, about which the periods of oscillation are equal, the distance 
between these points is the length of the simple equivalent pendulum. 
This is made use of in Rater’s pendulum, which consists of a bar 
with two knife edg(‘s and a movable mass which slides on the bar. 
The mass is adjusted so that the times of oscillation about the two 
knife edges arc equal. The distance between the knife edges then 
gives /, and 

- Zn^-. 

T and I being known, we can calculate g. 

This is the most accurate method of determining g. 


§ 284. Minimnin Time of Oscillation of a Compound Pendulum. 

We have seen that the period T is given by 


'= 2-n^ 


hg 


/j2 

Now, this will be a minimum when — or h -f -r* is a mini- 

n ft 

mum. This is the case when 


or 

i.e. when 

In this case I ^ 2k. 



1 


^ - 
Ji - 


0, 

A. 
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The period is therefore a minimum when the distance between 
the axis of suspension and the centre of gravity is equal to the 
radius of gyration about a parallel axis through the centre of gravity. 

This only gives the minimum value for axes drawn in a given 
direction. To get the absolute minimum we should have to find 
the direction of the axis through the centre of gravity for which the 
radius of gyration is least. 


§ 286 . Example (i). 


A heavy uniform rod AB of length 2I and mass M has a mass m 
attached to it at B. The whole oscillates freely about a horizontal axis 
through A . Prove that the time of a small oscillation is 


47r 


/ ( Af + 3m)/ 

’ S(M + 2m)g' 


(I.E.) 



Fig. 148. 


Let AB (Fig. 148) represent the rod, G its centre of gravity. 

The moment of inertia of the rod about A is .‘jM/*, and that of the 
mass m is 4m/*. 

The moment of inertia of the rod and mass is therefore 




The moment of the restoring force about A when the angular dis- 
placement from the vertical is B is 


Hence 


Mgl sin $ -f 2mgl sin 6 ~ (M -f 2m)gl sin 6. 


d^B 

dF- 


{M -f 2m) gl 
\{M -f 3W)/* 


sin 6, 


^(M + 2m)g^ 

4(sm^ • 


if d is small. 


The period of oscillation is therefore 2n 



Example (ii). 

A cylindrical rod 2 feet long and 2 inches in radius is free to swing 
about a horizontal axis at right angles to its geometrical axis and inter- 
secting it. Find the position of the axis of suspension if the length of 
the simple equivalent pendulum is a minimum. (I.E.) 
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If k is tlie radius of gyration about an axis through the centi'c of 
gravity parallel to the axis of suspension, h the distance of the centre 
of gravity from the axis of suspension, and L the length of the simple 
equivalent pendulum, 

r 

and L is a minimum when A = A; {§ 234). 

Now we found (§ 226) that the moment of inertia of a solid cylinder 
about an axis through its centre of gravity perpendicular to the axis 
of the cylinder is 


where a is the radius and I the length of the cylinder. 


/a* . /a\ 

/I . 4 ^ 


= ( Z — “Hr;:;) 

V4 12 / 

\I44 12 / 


Hence the axis of suspension for the minimum period of oscillation 
must be feet, or 7 inches from the centre of gravity. 


§ 236. Motion of a Flsnvheel acted on by a Couple. 

If Mk^ is the moment of inertia of the wheel about its axis, and 
L is the moment of the couple, 

~ ^ Mk^’ 

according as L tends to increase or diminish the angular velocity. 


Example (i). 

A flywheel of weight i ion and radius of gyration 3 feet 6 inches is rotating 
once every second. What is its kinetic energy and how long will it take to 
cqme to rest under a frictional torque round the axis of 40 lb. ft.? 

The moment of inertia is 2240 x ^ angular velocity 

is 2 7r radians per sec. 

The kinetic energy is 

J ft. pdls. — 7 56 ft. tons. 

4 


The equation of motion is 
560 X 49;r^ = ~ 


40 X 32, 


d^0 
•** i/* 


- 3^ 

14 X 49 ' 

_ + C; 

343 


16 

343’ 


VOL. I. — 12 
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and 


dO ^ 
dt 

. ^ _ 
‘ dt ~~ 


2v when i ~ 

2Tr\ 

o when 




or 


i6i 

343 


27r, 


^ = H . — 134I seconds. 

7 16 


Example (ii). 

The moment of inertia of a pulley of 6 inches diameter is 0-14 lb. ft.* 
units. A long cord with a mass of 1 lb. suspended from its end, is wound 
round the pulley. Through what angle will the pulley turn in 2 seconds 
from the instant when the weight is released ? What will then be the com- 
bined kinetic energy of the pulley and weight ? (Q-E ) 

Let 0 be the angle turned through by the pulley, x ft. the distance 
descended by the i lb. mass in time t. 

Then x ~ x ^ x ^ 1^. 

Let T be the tension in the string. 

The equations of motion for the pulley and the mass are 


I4d' = iT (i) 

X g — T (ii) 


Since x = id, the second equation gives 
i8 = g-T. 

{-14 + iV)^= is- 

‘2025$ == 8, 

*2025$ ~ constant since $ — o when t ~ o ; 

‘20250 “ »» »> ,,0 = 0 when / ~ o. 


Hence, when / == 2, 

0 — 7^^“ = 79 radians, nearly. 

Also $ -- ~7 — 70, and the combined kinetic energy is 

• 07 ^* + 3 ^^* 

_ 3 ft. pdls. = 197 ft. lb. 

This problem can also be solved by using the principle of energy, 
if we assume that, since the force producing motion (i lb. wt.) is constant, 
the acceleration of the mass is constant. 

If $ and X are the velocities of the pulley and mass when the latter 
has descended a distance x, the kinetic energy of the two is 

•07$* 4 \ X * — i‘i2 ;r» 4- i = 1*62 
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But the loss of potential energy is gx, 

1*62 = gx . 

The acceleration, /, is given by 

^ 2fx, 
3*24/^ = gx, 



The distance moved by the mass in 2 seconds is therefore 

I. -i-. 4 = 4. ft. 

2 3*24 ^ 1*62 

The angle tiifilied through by the pulley is 


— 79 radians, nearly. 


Also, when / = 2, the velocity of the mass is ft. /sec. 

3-24 

The total kinetic energy is therefore 

1-62 x^ = ft. pdls. = ft. lb. — 197 ft. lb. 

Note . — The assumption mentioned above, although frequently made, 
really needs justification. It amounts to assuming that a constant 
force, applied to a rigid body capable of rotation about a fixed axis, will 
produce in the body a cqpstant angular acceleration. 

In the first place, the fprce will not produce any acceleration at 
all unless it has a moment about the fixed axis. Also, it does not follow 
that, because a constant force acting on a particle produces a constant 
acceleration in that particle, a torque of constant moment will produce 
a constant angular acceleration in a rigid body. This latter fact re- 
quires proof, as in § 231, by the aid of D'Alembert's Principle. 

EXAMPLES XLIV. 

1 . A rod AB of length I and negligible weight has two equal weights w 
attached to the end B and to a point M distant J I from B. Find the 
period of small oscillations about a horizontal axis through A. 

(IE.) 

2. A uniform bar of length 2a oscillates about a horizontal axis distant 
c from the centre of the bar ; prove that the length of the simple 

a* 

equivalent pendulum is + i— • 

Assuming that a simple pendulum one metre long beats seconds 
(in swinging from rest to rest), prove that the least period of com- 
plete oscillation for a bar one metre long is about ij seconds, 
and that the horizontal axis is then placed about 29 cm. above the 
centre. (Q-E) 

3. The pendulum of a clock consists of a light rod with a small ball of 
mass 4 oz. at each end, the distance between the centres of the balls 
being 3 inches. The axis of oscillation passes through the centre of 
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the rod at right angles to its length. To disturb the balance a small 
mass is fixed on the rod at a distance of i inch from the axis of 
oscillation. Find the value of the mass in order that the pendulum 
may beat seconds. (Q-E). 

4. Two equal circular wheels, each of mass 200 lb., and radius i J feet, 
are rotating freely in the same horizontal plane about their centres. 

A connecting rod of mass 80 lb. is pin-jointed to the rim of each, 
and is always parallel to the line of centres of the wheels. Show 
that the angular velocity of the wheels is constant in the absence of 
friction, and find the kinetic energy of the whole system if each 
wheel makes 50 R.P.M. and its mass is concentrated in its rim. 

If the system is reduced to rest in 60 revolutions by the action of 
equal retarding torques on each wheel, find the torque.s, assuming 
that they are constant. (Q*E ) 

5. A solid flywheel of diameter 2 feet, bored for shaft and weighing 

0*45 ton, is keyed on to a horizontal shaft of diameter 4 inches and 
weighing 0*05 ton. What is the kinetic energy of the flywheel and 
shaft at 1200 R.P.M. ? What uniform retarding couple would 
reduce the flywheel to rest in 2 minutes, and through what angle 
would it turn in this time ? (Q E ) 

6. A trap door, 4 feet square and of uniform thickness, is hanging 
vertically by its hinges. If the door is set swinging through a small 
angle find the periodic time, neglecting the friction of the hinges. 

(QE.) 

7. A wheel has a diameter of 2 feet and a mass of 50 lb. which may be 

regarded as distributed uniformly round the rim. Calculate the 
number of foot-pounds of energy stored in the wheel when it is 
making 600 R.P.M. If the wheel is to be stopped in 50 seconds by 
a brake pressing on the rim, calculate the pressure required, assuming 
that the coefficient of friction is 0*1 between the brake-block and the 
rim. (H.C.) 

8. A uniform circular disc of radius a has a particle of mass equal to 
that of the disc fixed to a point of its circumference. The disc can 
turn freely about a fixed horizontal axis through its centre at right 
angles to its plane. Assuming that the radius of gyration of the 

d 

disc about this axis is show that the length of the simple equi- 
valent pendulum for small oscillations of the system about its 
position of stable equilibrium is (H.C.) 

9. Calculate the period of small oscillations of a uniform rod, 6 feet 
long, alx)ut a horizontal axis through one end, when a particle of 
weight equal to that of the rod is attached to its middle point. 

(H.C.) 

10. Two equal solid flywheels, each of mass m and radius a, are in the 
same vertical plane and free to move in that plane about their 
centres, which are fixed. A connecting rod, of mass M and length 
equal to the distance between the centres of the wheels, is smoothly 
jointed to each wheel at a point on its rim, so that as the wheels 
revolve it is always parallel to the line of their centres. Show that, 
as the system moves under gravity, the angular motion of the wheels 
is the same as that of a simple pendulum of length 
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11. A flywheel has a horizontal shaft of radius r, the moment of inertia 
of the system about the axis of revolution is K. A string of negligible 
thickness is wound round the shaft and supports a mass M hanging 
vertically. Find the angular acceleration of the wheel when its 
motion is opposed by a constant frictional couple G. 

If the string is released from the shaft after the wheel has turned 
through an angle 6 from rest, and if the wheel then turns through a 
further angle ^ before it is brought to rest by the frictional couple, 
show that 

_ KMgrO 

K 0 (K Mr^) f 

12. A flywheel has a light cord coiled round its axle, and the cord is 
pulled with a constant force of ni lb. wt. until a length / ft. has un- 
wound, when the cord slackens and comes off. It is found that the 
wheel is then rotating n times a second ; prove that its moment of 

inertia in foot-pound units is——,. If a constant frictional force is 

now applied at a distance a feet from the axis equal to the weight of 
m' lb., show that the wheel will stop after 

- 4 - " - seconds. (B.Sc.) 

mnan ' ' 

13. A uniform circular cylinder of mass M, can rotate freely about its 
axis, which is fixed in a horizontal position ; a light inextensible 
string is coiled round the cylinder and carries at its free end a particle 
of mass m. If the system is allowed to move, show that the par- 
ticle will descend with uniform acceleration 


M + 2m‘ 


(B.Sc.) 


14. 


An Attwood’s machine has a pulley whose moment of inertia is I, 
and whose radius is a ; the masses attached at the ends of the string 
are each M, and the rider is of mass m . Prove that the acceleration 
of the masses is /, where 


g , M 
4= I -f 2 — h 

/ m 


I 

ma** 


assuming that the string does not slip on the pulley and neglecting 
axle friction. 

15. Show that for a bar equal in length to the seconds pendulum the 
least time of a beat (from rest to rest), for different points of sus- 
pension, is about J of a second. 

16. A pendulum, of mass M, consists of a heavy bob attached to the end 
of a light rod, and makes n oscillations per minute when turning 
about a fixed point O of the rod ; also k is its radius of g5rration 
about O and h is the distance of its centre of inertia from O. On 
the rod above O slides a small mass m ; when this mass is fixed at 
a distance x from O, show that the number, n\ of oscillations per 
minute is given by 



17. The mass of a flywheel is 100 lb. and a mass of 10 lb. hangs by a 
string wrapped round the axle, which is horizontal and has a radius 
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of 2 inches. If the mass of lo lb. falls through 20 feet from rest in 
16 seconds, show that the radius of gyration of the flywheel is a 
little over 9 inches. (B.Sc.) 

18. The centre of gravity of a bicycle wheel is in its axis. When a small 

valve of mass m is fixed to the rim at a distance h from the axis, and 
the axis is held horizontally, the wheel oscillates in the same period 
as a simple pendulum of length /. What is the moment of inertia 
of the wheel (apart from the valve) about the axis ? (B.Sc.) 

19. A bucket of mass m hangs at the end of a light rope which is coiled 

round a wheel of mass M. If the wheel can rotate freely about its 
axis, which is horizontal, and if its entire mass is supposed concen- 
trated in its rim, find the speed of the bucket when it has fallen a 
distance x from rest. (I S.) 

20. A thin uniform rod of mass m and length 2a can turn freely about 

one end, which is fixed. A uniform bar, whose mass is and 
length 3a, can be clamped to the rod so that its centre occupies any 
position on the rod. Show that the length of the simple equivalent 
pendulum for oscillations in which the bar and the rod remain in a 
vertical plane lies between ;^a and 2a. (H.C.) 

21. A cylindrical drum weighing 40 lb. and having a radius of i foot and 

a radius of gyration of 9 inches, can turn without friction about its 
axis, which is horizontal and in fixed bearings. A weight of 10 lb. 
is attached to one end of a string which is coiled round the drum. 
The drum is held with the weight hanging freely and is then let go 
so that the weight falls, causing the string to unwind and the drum 
to turn. Find the angle through which the drum turns in the first 
second after the drum is let go. (Q E.) 

22. A flywheel is mounted on a horizontal axle ij inches in diameter. 

A thin cord wrapped round the axle carries a mass of 5 lb. which is 
allowed to fall from rest. The mass is observed to fall a distance of 
5 feet in 15 seconds. Find its velocity and the angular velocity 
of the flywheel at the end of this time. Also determine the moment 
of inertia of the flywheel. (Q*E ) 

23. A thin rod OA, 2 feet in length, is suspended at O and is fixed at A 

to the rim of a circular disc, of diameter i foot, so that OA pro- 
duced passes through its centre. Find the time of a small oscillation 
of the pendulum so formed. The motion takes place in the plane 
of the disc, and the mass of the rod may be neglected in comparison 
with that of the disc. (Q-E.) 

24. A mass of 10 lb. hangs at the end of a light cord which is wrapped 
many times round the circumference of a pulley of 3 feet diameter. 
The pulley is mounted upon a horizontal axis, about which it is 
free to turn. On starting from rest the mass is found to descend 16 
feet in 5 seconds. Show that if there is no friction at the bearing, 
the moment of inertia of the pulley must be 540 lb. ft.* units. (Q E.) 

25. A flywheel of weight 200 lb. is rotating about its axis at 150 R.P.M., 
and it is acted on by a constant frictional couple, so that after 10 
seconds it is rotating at 100 R.P.M. Find how many more revolu- 
tions it will make before it is brought to rest. If the value of the 
couple is 40 lb. ft., find the radius of gyration of the wheel. 

(N.U.3) 

26. A uniform thin magnet of length 2I and mass M can turn freely 
about a smooth vertical axis through its mid-point, and there is a 
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force F at each end, one to the north and the other to the south. 
The magnet is placed with its length east and west. Prove that it 
reaches the north and south direction with angular velocity 

('®)‘ 

27. A uniform rod AB of mass m and length 2/ is hinged about a hori- 
zontal axis perpendicular to the rod through its centre and carries 
at one end, A, a particle of mass m. If the rod is at rest with A ver- 
tically below B and A is given a velocity just sufficient to bring the 
rod to a horizontal position, prove that 

V* = 'igl. 

Kind what horizontal impulsive force acting at A is necessary to 
give A this initial velocity if / = 3 feet, m = 2 lb. (N.U.3) 

28. A wheel spins about a fixed axle and a constant frictional couple is 
exerted on it by the bearings. If the wheel is set spinning at 200 
R.P.M. and comes to rest in i J minutes, find how many revolutions 
it makes in this time. 

If the moment of inertia of the wheel about the axle is 50 cwt. 
ft.*, find in lb. wt. ft. the moment of the frictional couple. (N.U.3) 

§ 237. Pressures on the Axis of Rotation of a Compound 
Pendulum. 

Let O (Fig. 149) be the centre of suspension, G the centre of 
gravity, and OG == h. 

X 



Let X, Y be the comjwnents of the force exerted by the axis on 
the body along and perpendicular to GO, Mk^ the moment of inertia 
about an axis through (t parallel to the axis of suspension. Taking 
moments about O, 


dW Mgh . 

-- “ M{A* + 


(i) 


The motion of the centre of gravity is the same as if all the 
forces acted at that point. Since it describes a circle about O, 
we have, resolving along and perpendicular to GO, 
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Mh(^^y = X - Mg cose . . . (ii) 

Mh^ - MgsinO . . (iii) 

(120 

Y is obtained directly by substituting for — in (iii) from (i). 

If (i) is integrated once and the resulting constant determined 
from the initial value of we then, by using (ii), obtain X. 

Example. 


A thin uniform rod of length 2a, attached to a smooth hinge at one 
end O, is allowed to fall from a horizontal position ; show that the hori- 
zontal strain on the hinge is greatest when the rod is inclined at an angle 
of 45° to the vertical, and that the vertical strain is then y times the 
weight of the rod. 

X 



Let G (Fig. 150) be the centre of gravity of the rod. 

a^ 

Let M be the mass of the rod, then = a, and the moment 

3 

da^ 

of inertia about O is M — . The moment of the weight about O is 
Mga sin 9. 

Taking moments about O, 


dy 

di* ' 


Mga sin B 
~M^~ 


-Msin, 

40 


(i) 


Resolving perpendicular to GO, 

Ma-^ = y — Mg sin B, 

.-. y = Mg sin B \Mg sin B == \Mg sin B. 

Resolving along GO, 

^ X ~ Mg cos 8 . . (ii) 
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Integrating (i). 




™ =s o, when B = C — o, 

dt 2 

... 

\dt J 2 a 

from (ii) 

X = Mg cos 6 -f ^Mg cos e = cos B. 

The horizontal pressure at O is 

X sin & — Y cos B — ^Mg cos B sin B — \Mg sin & cos B 
== ^Mg cos B sin B 
= I Mg sin 2 

and this is obviously a maximum when zB — 90°, i.e. when 6 — 45°. 
The vertical pressure at O is 

X cos ^ -f- y sin <? = ^Mg cos + iMg sin 
and when B = 45®, this becomes 

iMg -f iMg = V 


§ 238. Impulsive Forces. 

In the case of an impulsive force the total change in the moment 
of momentum about the fixed axis is equal to the moment of the 
impulsive force about that axis. 

If a>, w' are the angular velocities before and after the blow, 

Zmr^ . cj' — Xtnr^ . w = moment of impulse, 

, moment of impulse about axis 

O) — (xi == , 

moment of inertia about axis 

Let a rod OA (Fig. 151), of length 2a and mass Af, be suspended 
freelv from O, and struck a horizontal blow P at a point C, where 
OC - a:. 


A 

Fig. 151. 

Let 6t>' be the instantaneous angular velocity communicated to 
the rod, and X the impulsive reaction at 0 caused by the blow. 
This reaction will be parallel to the direction of the blow. 

12* 
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The moment of inertia about 0 is and the moment of P 

about 0 is Px, 

/ Px /.V 

“ pfa* ■ ■ ■ ■ 

Also the velocity of the centre of gravity G is aco', and this is 
caused by the two impulses P and X, 


Mci 


P i X 


(H) 


From (i) 

/. from (ii) 


A’ - Maoy' - 4m 


W , 


Maoj 




If X there is no impulsive reaction at O. 

In this case the point (' is called the centre of percussion. 

It is easily seen that the length is the length of the simple 
equivalent pendulum /, for 


/ = 


+ 


4a 

3* 


If we consider the more general case where OG = h, and the 
moment of inertia about an axis through G parallel to the axis of 
suspension is Mk'^, equations (i) and (ii) become 

, __ Px 

" M(A* + A*)’ 

and Mhu>' --- P i A, 

X = Mhw' - M.i!^±3co'==Mw'(^h - : 

Jb2 I h2 

and if this is zero x = — Z — , 

h 

i.e. X is equal to the length of the simple equivalent pendulum. 


EXAMPLES XLV. 

I. A fine circular hoop of weight W is free to move about a fixed hori- 
zontal tangent. It falls over from the position in which it is vertical 
so that its centre describes a circle in a vertical plane perpendicular 
to the tangent. Show that, in the positions when the hoop is 
vertical, the stress on the support is y W or W. (H.C.) 
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2. Two lines of shafting with a common axis have moments of inertia 
40 and 20 lb. ft.® units respectively. The former is rotating at 250 
R.P.M. when it is clutched on to the latter which was previously 
at rest. Find the amount of energy wasted in the process of clutching. 

(Q.E.) 

3. A thin uniform rod, of length 2 feet and weight 5 lb., is pivoted freely 

at one end about a horizontal axis. The rod is slightly displaced 
from the position of unstable equilibrium. With what angular 
velocity will it reach the horizontal position ? What will be the 
impulsive blow on a stop which catches the end and prevents the rod 
moving past that position. (Q-E.) 


4. A pendulum consisting of a light rod, of length /, and a heavy bob 
hangs freely. The point of support is suddenly made to move hori- 
zontally with uniform velocity v. Show that the pendulum will 
describe a complete revolution if v > 2(g/)*. (C.S.) 


5- 


6 . 


A uniform solid circular cylinder makes complete revolutions under 
gravity about a horizontal generator. Show that the supports 
must be able to bear at least y times the weight of the cylinder. 

(C.S.) 

The lock of a railway carriage door will only engage if the angular 
velocity of the closing door exceeds co. The door swings about 
vertical hinges and has a radius of gyration k about a vertical axis 
through the hinges, whilst the centre of gravity of the door is at a 
distance a from the line of the hinges. Show that if the door be 
initially at rest and at right angles to the side of the train, which 
then commences to move with uniform acceleration /, the door will 
not close unassisted unless 



a 


7. A rigid pendulum OG swings about a horizontal axis through O, its 
centre of gravity being at G. The pendulum is released from rest 
when OG is horizontal. When OG becomes vertical, the pendulum 
is brought to rest by an inelastic buffer B which is such that the line 
of the reaction between B and the pendulum is horizontal and at a 
distance I below O. The mass of the pendulum is m, its moment of 
inertia about a horizontal axis through G is mk^, and OG = h. 

Show that, if the impulse of the force exerted by B upon the 
pendulum during the impact is P, 


P jV2gh(h* + k^). 


Deduce the impulse Q of the horizontal force exerted on the 
pendulum during the impact by the axis at O, and show that it 
vanishes when I is equal to the length of the simple equivalent 
pendulum. 

8. A thin uniform rod of mass m and length 2a can turn freely about one 

end which is fixed, and a circular disc of mass 12m and radius - can 

3 


be clamped to the rod so that its centre is on the rod. Show that, 
for oscillations in which the plane of the disc remains vertical, the 


2a 


length of the simple equivalent pendulum lies between 2a and y. 
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9. A uniform cube is free to turn about one edge which is horizontal. 
Show that the length of the simple equivalent pendulum is 
where a is the length of a diagonal of one of the faces. Also show that 
if the cube starts from rest in its highest position, the vertical com- 
ponent of pressure on the fixed edge vanishes when the cube has 
turned through an angle cos“*(^), (S.) 

10. A uniform circular lamina of weight W can turn in a vertical plane 
about an axis at right angles to its plane through a point in its cir- 
cumference. If it starts from rest from the position in whicli the 
diameter through this point is horizontal, prove that the horizontal 
and vertical components of the pressure on the axis, when this 
diameter makes an angle 0 with the horizontal are 

ir sin 20 and — 3 cos 20 ). (B.Sc.) 

11. A uniform cube swings about one of its edges, which is horizontal, 
and in the highest position the centroid is level with the axis of 
rotation. Find the stress on the axis in any position, and show that 
it varies between \ W and where W is the weight of the cube. 

[The moment of inertia of a cube, of mass M and edge 2a, about 
an axis through its centroid parallel to an edge is f ATa*.] (B.Sc.) 

12. A uniform lamina in the form of a square ABCD of side 2a, oscillates 
in its own plane about a horizontal axis through A perpendicular to 
its plane. In the extreme position a side of the square is directed 
vertically downwards. Show that the greatest velocity of the corner 
C is [6ga( V2 — i)]*. Prove that the stress on the axis, when AC is 
vertical, is very nearly 1*44 times the weight of the lamina. (B.Sc.) 

13. A uniform rod of weight W, free to turn about a fixed smooth pivot 
at one end, is held horizontally and released. Prove that when, in 
the subsequent motion, the rod makes an angle 0 with the vertical, 
the pressure on the pivot is \W V i +99 cos*^. 

14. A rifle is fixed to a heavy block which can swing about a fixed hori- 
zontal axis, the line of the barrel being at right angles to this axis. 
The discharge of the rifle produces such recoil that the block swings 
through an angle 0 from its equilibrium position. If in a series of 
experiments the same bullet is used but different charges of powder, 

0 

prove that the muzzle velocity of the bullet is proportional to sin -. 

(QE-) 

15. A mass of 15 lb. is bolted to one of the spokes of a flywheel, its centre 

of gravity beings feet from the centre of the wheel. Another mass 
of 10 lb. is bolted to another spoke, with its centre of gravity 2 feet 
from the centre of the wheel. The angle between the two spokes is 
120®. Find the resultant force on the bearings of the flywheel, due 
to the inertia of these masses, when the wheel is rotating uniformly 
at 240 R.P.M. (Q E.) 

16. A uniform circular disc of mass M gm. and radius a cm. moves in its 
own plane about a fixed horizontal axis perpendicular to its plane 
through its centre O. A small body of mass m gm . is rigidly attached 
to it at P at a distance x cm. from the centre. The msc is released 
from rest with OP horizontal. Prove that when P passes through 
the bottom point of its path it is moving with the speed v cm. /sec. 
given by the formula 

2mx* 4- Ma*' 


tf* ss 
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An equal disc and particle is free to rotate alK;)iit the same axis 
and suddenly becomes connected rigidly witli the first disc when 
both particles are vertically below the axis, h'ind the heiglit to 
which the two particles will rise if the second disc were at rest before 
the connection was made. (N.U.3) 

ly. Two flywheels in the same plane are free to rotate about horizontal 
parallel frictionless axles. A light cord has one end attached to the 
first wheel, is wound round it, passes over to the second wheel, is 
wound round that, and has its other end attached to the second wheel, 
A couple of moment G acts on the first wheel so as to make the cord 
start coiling up on the first wheel and uncoiling from the second. 
Prove that the angular acceleration of the second wheel is 

Gab 

where a and b are the radii of the wheels, and 1 and J are their 
moments of inertia about their respective axles. 

Find also the tension of the cord. (N.U.3) 

18. Two cog-wheels of radii a, b are spinning about parallel axes with 
angular velocities to, w' in the same sense. If the wheels suddenly 
become enmeshed, show that the speed of points on their rims 
becomes 

ab(Ib<jo I'ato') 

Jb^ -h JPa* ' 

where I, /' are the moments of inertia of the wheels about their axes. 

(N.U.4) 

19. A lamina of mass Af is free to turn in its own plane which is vertical 
about an axis through a point O at a distance c from its mass-centre 
G. If the lamina just makes complete revolutions, prove that the 
greatest reaction at O is 

Mg(k^ -A- 50 *) 

+ 0 ^ ' 

where k is the radius of gyration about the axis through G normal 
to the lamina. Find also the time taken by G in describing the 
lower half of its path. (N.U.4) 

20. If a uniform rectangular lamina ABCD can move about AB as a hori- 
zontal axis, and is allowed to fall from rest in a horizontal p>osition, 
find the velocity at any point in CD when the lamina reaches the 
vertical position. 

If the lamina is brought to rest in the vertical position by an 
impulse applied to the mid-point of CD, find the resulting impulse 
on the hinge. (C.W.B.) 


VOL. 1. 
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MOTION OF A RIGID BODY IN TWO DIMENSIONS. 

§ 288. InstaDtaneons Centre. 

A body can be moved in one plane from any one position into any 
other by rotation about some point in the plane without any translation. 

During any motion let two points A, B (Fig. 152) of the body 
move into the positions A', B' respectively, 

A' 


b' 

B 

Fig. 152. 

Bisect AA', BB' and erect perpendiculars to meet in O, so that 
OA = OA', and OB = OB'. 

Then, since AB = A'B', the triangles AOB, A'OB' are congruent, 

.-. ^ AOB = l_ A'OB', 

.-. Z AOA' = Z BOB', 
and Z OBA = Z OB'A'. 

But if any other point C of the body has moved to C', 

Z CBA = Z C'B'A', 

by subtraction of the third equation above, 

Z OBC = Z OB'C'. 

Also OB = OB', and BC = B'C', 

the triangles OBC, OB'C' are congruent, and we have 
OC = OC', 

and Z COB == Z C'OB', 

.-. Z COC' = Z BOB' = Z AOA'.. 

Hence the rotation about O, which brings A to A', and B to B', 
also brings any other point C to its new position C'. 

354 
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The point 0 always exists unless A A' is parallel to BB', i.e. 
when the motion is one of pure translation ; the centre of rotation 
O is then at infinity. When the displacement is ver^^ small the 
point O is called the Instantaneous Centre, and in general the body 
may be moved into the successive positions it occupies by successive 
instantaneous rotations about some centre or centres. 

In the case of a circle rolling along a straight line, the instan- 
taneous centre at any moment is the point of contact of the circle 
and the straight line. 

§ 240 . The instantaneous centre has two loci according to 
whether we consider its position with regard to the body or in space. 

Thus, in the case of the rolling circle, the successive points of 
contact are the points on the circle, i.e. their locus with regard to 
the circle is the circle itself. Their locus in space is the straight 
line on which the circle rolls. 

These two loci arc called the Body-Locus or Body-Centrode, and 
the' Space-Locus or Space-Centrode. 

To find the position of the instantaneous centre at any moment 
we select two points A and B of the body and draw lines at these 
points perpendicular to the directions in which they are moving 
at that moment. The point of intersection of these perpendiculars 
is the instantaneous centre. 

Example. 

A rod AB is sliding with its ends on two perpendicular straight lines 
CX, CY. Find the instantaneous centre. 

Y 



A and B are moving along CX and CY, hence we draw perpendiculars 
to CX and CY at A and B to meet in O (Fig. 153), then O is the in- 
stantaneous centre for the position shown. 

Since Z.BOA is always a right angle, the locus of O with respect 
to the rod is the circle on AB as diameter. 

Also, since CO = AB, the locus of O in space is a circle with C as 
centre and radius equal to the length of the rod. 

It should be noticed that the instantaneous centre is the point of 
contact of the space and body centrodes. 
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§ 241. We can find the co-ordinates of the instantaneous centre 
in terms of the component velocities of the centre of gravity and 
the angular velocity of the body about the centre of gravity. 

Let u, V he the velocities of the centre of gravity G parallel to 
the axes GX, GY through G, and w the angular velocity of the body 
about G (Fig. 154). 



Fig. 154. 

Then the velocities of any point P, whose co-ordinates referred 
to GX, GY are x and y, and such that PG is inclined at an angle 0 
to GX, are 

u — PG CO sin ^ = w — yco, parallel to the jif-axis, 

V + PG CO cos 6 = V + XU), parallel to the y-axis. 

V u 

Now these are zero if x = , y = — , 

CO CO 

and these are the co-ordinates of the instantaneous centre referred 
to G as origin. 


§ 242. Centre of no acceleration. 

With the notation of the last paragraph the accelerations of 
P relative to G are PG . co^ along GP, and PG . co perpendicular to 
PG. 

Hence the component acceleration of P parallel to the axis of 
X is 

u — PG . CO* cos 0 — PG . CO sin d = u — xu)^— yu), 

and its acceleration parallel to the axis of y is 

V — PG . CO* sin 6 + PG . co cos ^ = v — y co* -f co. 

If these are both zero, 


xu)^ + yth ~ u, 
xoj + yu)^ = V, 

X(U)^ + CO*) == »co* — vco, 


CO* — CO 

CO* 4" 


and 


y CO* -f- u <0 
4" CO* 
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EXAMPLES XLVl. 

1. The centre of a disc falls vertically with constant acceleration, while 
the disc rotates in its own plane (which is vertical) with constant 
angular velocity. Prove that the locus in space of the instantaneous 
centre is a parabola. 

2. Prove that if co be the angular velocity of a lamina, the angular velocity 

PN 

of a point P of the lamina about a fixed point O is co where N is 

the foot of the perpendicular from the instantaneous centre upon PO. 

3. A rod AB moves with its ends on two fixed lines OA, OB ; show that 
if the rod turns with uniform angular velocity oj the velocity of any 
point P of the rod is equal to a# . IP perpendicular to IP, where I A, 
IB are drawn perpendicular to the fixed lines. Prove also that the 
acceleration of P is equal to . OP towards O. 

4. A disc moves in a plane in such a way that a point O on it describes 

a straight line in this plane with an acceleration /, whilst the disc 
itself is rotating about O with a constant angular velocity w. Find 
th6 acceleration in magnitude and direction of any point of the disc. 
Hence prove that the locus of points whose accelerations have the 
same magnitude is a circle. (N.U.3) 

5. A large sheet of paper lies on a table. The paper is moved without 
rotation so that a point in the paper which lies above a point A in 
the table takes up its position ali)ve a point B in the table ; the 
paper is then rotated about B through an angle 6 . Show that there 
is a point C of the paper (if the sheet is large enough) whose position 
on the table is unaltered, and show how to find this point. 

Show also that the paper might have been brought into its new 
position by a rotation about C through an angle 0 , (N.U.3) 

6. A bar AB slides with its ends one on each of two perpendicular lines 
OX, OY. Show that the speeds of A and B are in the ratio OB : OA. 
Prove that at any instant there is one point P on the rod which is 
moving in the direction AB, and that AP : PB==OB* : OA.* (N.U.4) 

§ 243. In dealing with the motion of a body in one plane, when 
no point in the body is fixed, it is clear that the body can be brought 
from any one position to any other position by first moving some 
chosen point of it (say its centre of gravity) to its new position 
without any rotation, and then rotating the body about that point. 
This is also true for motion in three dimensions. 

The working of problems is much simplified by considering the 
motion of a body to be made up of two parts in this manner, i.e. 
as a motion of translation of the centre of mass and a motion of 
rotation about the centre of mass. 

We shall now prove two theorems which enable us to treat these 
motions separately. 

I. The motion of the centre of mass of a rigid body, acted on by 
any forces, is the same as if all the mass were collected at the centre of 
mass, and all the forces were applied at that point parallel to their 
former directions. 
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II. The motion of a rigid body, acted on by any forces, about its 
centre of mass is the same as if this point were fixed and the same forces 
acted on the body. 


§244. Let .r, y, z be the co-ordinates of a particle m of a body at 
time t referred to any set of fixed rectangular axes, and X, Y, Z the 
components of the impressed forces on this particle parallel to the 
axes. 

Then, by D’Alembert's Principle, the forces 



together with similar forces for every other particle of the body, will 
be in equilibrium 
Hence 

d^x ... 

(0 


and two similar equations fory and z. 

If X, y, z are the co-ordinates of the centre of mass, and M the 
mass of the body, then Mx ~ Unix, My = Xmy, and Mz == Emz, so 
that 




M 


d^y 

dt^ 


Em 


d'^y 


, , dH _ dH 
^ dt^ 


For motion in two dimensions we are only concerned with the 
equations in x and y, so that we have 


M 


df^ 


EX, 


d'^y 


(ii) 


But these are the equations giving the motion of a mass M 
acted on by forces EX, EY, parallel to the axes, 
d'his proves Theorem I. 

Let (x\ y') be the co-ordinates, relative to the centre of mass, 
(3f a particle m whose co-ordinates referred to the original axes 
were {x, y). 

Then x x + x\ y y + y', 

dH d^x d^x' d^v _ d^ dW 
d? 'W- 


Taking moments about the axis of z, D’Alembert's Principle 
gives 
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Emy(S: + a; j (y + y j 

=-, [if* + »•)>'- {y I /).v] 

+r„(*g’+*'g-y^'-/g).i;(iF-f.V).!.r(*-y^v'Ai. 

Now the first expressions on the left and right-hand sides of this 
equation are equal from equations (ii) above. 

v' 

The third expression on the left is zero since Emx\ Em 
etc., are zero. 

Hence ^(^'y — y'X) . . (iii) 

But this is the equation we should get if the centre of mass were 
fixed. 

This proves Theorem II. 

§ 246. In dealing with the motion of a rigid body in two dimen- 
sions we therefore write down the equations of motion for the 
centre of mass by considering all the impressed forces to act on the 
whole mass concentrated at that point. We then write down the 
equations for the motion about the centre of mass by taking moments 
about it as if it were a fixed point. 

§ 246. Angular Momentum and Kinetic Energy of a Rigid Body 
moving in Two Dimensions. 

If x, y be* the co-ordinates of a particle m, then the moment of 
momentum, or angular momentum, about the axis of for this 

particle is 

and for the whole body Em(^x^ ~ • • (i) 

Now, if x,y are the co-ordinates of the centre of mass, and .r', y' 
the co-ordinates of m referred to parallel axes with the centre of 
mass as origin, 

x==x + x\y-=-y-\’y\ 


Em 


Emx' 
dxf 


o, and Emy' 


dt 


■ o, and Em 


dV 

If 


0 . 


Also, 
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On substituting for x and y in (i) we get 


Jy' 

It 


yit 


dx'\ dy d£\ 


+ xUm 


dy 

dt 


^ dx' dy ^ , dx „ , 

y^^ir + dt^^^ -di^^y- 


Now the four (piaiitities in the second line arc each zero. 

I'hc first term is the angular momentum about the centre of 
jiiass, and the second is the angular momentum about the origin 
of the whole mass collected at the centre of mass. 

The kinetic energy of the body is equal to 


iUfn 


Substituting x -=^ x y x', v - y -}- y\ this becomes 


dx 

di 


d^ 

' dt 


+ 17 ^'^IT + dt^^^ 


dy 

di 


Now the terms in the second line vanish. 

The first term is the kinetic energy due to motion about the 
centre of mass. The second term is the kinetic energy of the whole 
mass Eyn collected at the centre of mass. 

We see therefore that 

The angular momentum about the origin is equal to the angular 
momentum about the centre of mass, together with the angular momentum 
about the origin of the ivhole mass collected at the centre of mass, 
and also that — 

The kinetic energy is equal to the kinetic energy due to motion 
about the centre of mass, together with the kinetic energy of the whole 
mass collected at the centre of mass. 

§ 247. Let M be the mass of the body, V the velocity of its centre 
of mass, CO the angular velocity about an axis through its centre of 
mass, and Mk^ the moment of inertia about that axis. 

The angular momentum about a point 0 is 

MVp L Mk^co, 

where p is the length of the perpendicular from () on the direction 
of motion of the centre of mass. 

The kinetic energy of the body is 

+ iMk^co^. 
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§ 248. Example (i). 

A wheel with a dianietcr of 3 feet, and a niass of jo lb., ivhich may be 
regarded as distributed uniformly round the rim. is rolling along a hori- 
zontal road at a speed of 10 m.p.h. Calculate the number of ft. lb. of 
energy stored in the wheel. 

If it conies to a hill rising 1 in 5 along the road, hoto far will it go 
before it stops } (In a rolling motion no ivorh is done against friction.) 

(H.C.) 

'Fhe moment of inertia of the wheel about its centre is 


70 X 9 

_ 


lb. ft.* 


Since the centre is moving at t.* ft. /sec., the angular velocity is 
iji -1- I = radians per second. 

The kinetic energy due to rotation — ^ ft. pdls. 

The kinetic energy due to translation ^ i . 70 . pdls. 

The total kinetic energy = — -)- i Jft. pdls. 


35 X 44^^ X 2 
9 X 32 


ft. lb. = 470;'; ft. lb. 


It will run up the hill until the gain of potential energy is eipial to 
the kinetic energy on the level (assuming that no change in speed occurs 
when it begins to mount the hill). 

Hence, if x is the vertical height it rises. 


yox — 

X = 


35 X 44* ^ 35 X 121 
9 X 16 9 

35 X 121 ^ i^i 
9 X 70 18 


The distance it goes up the slope is 


5 X 121 
18 


331 i ft. 


Example (ii). 

A uniform solid sphere of mass M and radius a rolls down an inclined 
plane, rough enough to prevent sliding ; find the motion. 

Let a be the inclination of the plane, O (Fig. 155) the point of con- 
tact when the sphere was initially at rest, C the centre of the sphere, 
A the point on the sphere which was originally in contact with O, and 
N the point of contact at time t. 

Take O as origin, ON as axis of x, CA as the line fixed in the btidy, 
and the normal to the plane as the line fixed in space for measuring 
the angular velocity, and let Z.ACN == B, 
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The external forces acting on the sphere are the friction F up the 
plane, the reaction R perpendicular to the plane, and the weight of the 
sphere vertically downwards. 

Considering the motion of the centre of mass parallel and perpen- 
dicular to the plane, 

Mir =r Mg sin a ~ F . . . • (i) 

My = 7 ? — Mg cos a . . . (ii) 

Taking moments about the centre of mass C, 

Mk^e = Fa (iii) 

Now since the sphere remains in contact with the plane 

y ~ o, 

r. R ~ Mg cos a. 

Since there is no slipping, 

X = aB, 

... X ^ aS (iv) 

Also ■-=: and from (iii) and (iv) 

F = fMaS == .= Mir, 
from (i) — Mg sin a, 

... X ~ •2g sin a. 

From (i) F' — jMg sin a, 

and R ~ Mg cos a, 

— s tan a. 

The coefficient of friction necessary to prevent sliding is therefore 
not less than = tan a. 

EXAMPLES XLVII. 

1 . Show that the acceleration of a uniform circular disc, rolling down a 
plane of inclination a which is rough enough to prevent sliding, is 
|g sin a. 

2 . Show that the acceleration of a thin uniform circular ring, rolling 
down a plane of inclination a which is rough enough to prevent 
sliding, is ig sin a. Show also that the least coefficient of friction 
necessary to prevent sliding is 4 tan a. 
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3. One end of a thread, which is wound on to a reel, is fixed, and the 
reel falls in a vertical line, its axis being horizontal and the unwound 
part of the thread vertical. If the reel is a solid cylinder of radius 
a and mass M, show that the acceleration of the centre of the reel is 
Jg and that the tension of the thread is \Mg. 

4. A girder is being pushed horizontally on three rollers at a speed of J 

m.p.h., the diameter of each roller being 6 inches ; find the speed of 
their forward motion if there is no slipping. If the girder weighs 
I ton, and each roller 2 cwt., find the kinetic energy of the system 
in foot-pounds. (LE ) 

5. The total weight of a railway truck was 2 tons. It had two pairs of 

wheels, each pair weighing with the attached axle 0*24 ton. The 
radius of gyration of each wdieel was 0 84 foot, and the distance 
from the centre of the axle to the rail was 1-2 feet. Calculate the 
kinetic energy of the truck when travelling at 60 ft. /sec. If it can 
be brought to rest by the brakes in 80 seconds, without slij)ping of 
the wheels on the rails, find the retarding force, supposed constant, 
exerted by the rails. (TE.) 

6. Prove that the moment of inertia of a uniform cylindrical tube of 
mass M, about its axis, is equal to lM{a^ H- 6“), where a and h are 
the internal and external radii ai the tube. 

The tube starts from rest and rolls, with its axis horizontal, 
down an inclined plane of inchnation a. Show' that T, the time 
occupied in travelling a distance I along the plane, is given by 

^(3 + p) = a. 

7. A wheel of radius a is formed of a thin uniform rim of mass d/ and n 

uniform spokes of length a — b, each of mass m, which are fastened 
to the rim and to an axle of radius b and mass ni\ The wheel 
rolls down an inclined plane of inclination a. Find the acceleration 
of its centre. (H.C.) 

8. Find the moment of inertia of a uniform circular cylinder 3 feet 

long, I foot in diameter, and weighing 40 lb., about (i) its axis, 
(2) a diameter of one of its ends. A roller of the above dimensions 
and mass rolls down a plane inclined at 30° to the horizontal, and 
rough enough to prevent slipping. The handle of the roller, who.se 
mass may be neglected, is parallel to the plane and is attached to a 
cord also parallel to the plane, which passes over a smooth fixed 
pulley attached to the highest point of the plane and carries a 
weight of 10 lb. at its other end. Find the acceleration of the 
weight as the roller rolls down the plane. (H.C.) 

9. At a point P of a uniform circular hoop there is attached a particle 
of mass equal to that of the hoop. The hoop rolls, in a vertical 
plane, on a perfectly rough horizontal table. Prove that if the 
system starts from rest when P is at the highest point, the angular 
velocity a>, when the radius to P makes an angle 0 with the down- 
ward vertical, is given by 

a,« .= ? 

a ' 2 — cos $' 

10. A heavy particle of mass ni is attached to the highest point of a 
uniform sphere of mass /)/ and radius a, which rests on a perfectly 
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rough horizontal plane. If the equilibrium is just disturbed, find 
the angular velocity of the sphere in terms of the angle through 
which H will have rolled at any time, and the direction of the 
plane’s reaction when it has rolled through 90°, (S.) 

11. A plane lamina of mass M 'm the form of a square of side 2a is placed 
with a diagonal almost vertical and its lowest point in contact 
with a smooth horizontal plane, and falls from this position, re- 
maining in a vertical plane. Find its angular velocity when the 
diagonal that was vertical makes an angle 6 with the vertical. 

12. A uniform rod of length 2a is swinging as a pendulum about one 
end, its greatest angular deviation from the downward vertical 
being a. At an instant when the rod is vertical its fixed end 
is suddenly relcavSed ; find how far the centre of the rod descends 
before it is again vertical. 

13. A uniform rod, of length 2a, hinged at one end to a fixed point O, 
is let fall from the horizontal position ; when it becomes vertical 
the hinge breaks. Prove that, when the rod is next horizontal, 
the horizontal and vertical distances of its middle point from O 

are and a -f- respectively. 


14. A small ring of mass ilf can slide on a fixed smooth horizontal wire, 
and a particle of mass m is attached to the ring by a light rod of 
length /. The particle is held in contact with the wire and is let 
fall. What is the path described by the centre of gravity of the 
ring and the particle ? Also show that the path of the particle m 
is a semi-ellipse, and that, if to denotes the greatest angular velocity 
attained by the rod, 

A/lto^ = 2 (M + m)g, (H.S.D.) 


15. A circular cylinder of radius r has its centre of mass in its axis, and 
has a radius of gyration k about this axis. Prove that, when it 
rolls down a plane of inclination a, the acceleration is 


r^g sin a. 
-f ^2 • 


(N.U.3) 


16. Prove that if the rotational velocity of a rigid body is zero the sum 
of the moments of the forces acting on it about its centre of mass 
must be zero, even if the body has an acceleration of translation. 

The centre of gravity of a table is 4 feet above a smooth hori- 
zontal floor and midway between the front and back pair of legs 
which are 5 feet apart. The table, which weighs W lb., is being ac- 
celerated by a force JIF lb. wt., acting horizontally 3 feet above the 
floor in a direction from the middle of the back to the middle of 
the front pair of legs. Find the upward thrust of the floor on each 
pair of legs. (N.U.3.) 


§ 249. Impulsive Forces. 

When a rigid body, free to move in a plane, is struck by a blow 
in that plane, we can obtain the resulting motion from the following 
considerations. The change in the linear momentum is in the direc- 
tion of the blow, and equal to the impulse of the blow. 
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The change in the angular momentum about the centre of mass 
is equal to the moment of the blow about the centre of mass. 
Instead of considering the angular momentum about the centre of 
mass, it is often convenient to use the fact that the change of angular 
momentum about any point in the line of action of the impulse is 
zero. 

These principles are illustrated in the following examples : — 
Example (i). 

A uniform rod A B, of length za, is lying on a smooth horizontal plane 
and is struck by a horizontal blow, of impulse P, perpendicular to the 
length of the rod at a distance x from the centre. Find the motion and the 
point about which the rod begins to turn. 

A O G C B 


Fig. 156. 



The centre of mass G (Fig. 156) will begin to move in the direction 
of P, and the rod will begin to turn about G. 

Let u be the velocity of G, M the mass of the rod, and w the angular 
velocity, then 

Mu ^ P (i) 


and 



(ii) 


These equations give u and co. 

Let O be the point about which the rod begins to turn, where 
GO = y. The velocity of O relative to G is yo) in the opposite direction 
to that in which G moves, hence the velocity of 0 is 

yw — w, 

and this is zero if 

y = - = from (i) and (ii). 

CD ^X ' ^ ' 


The distance between 0 and the line of action of P is 



g* f 3^* 
3 ^ 


This is the length of the simple equivalent pendulum when the rod 
is suspended at C or O. 

The points O and C are the same as those in § 233, where O was 
called the centre of suspension and C the centre of oscillation. 
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Example (ii). 

A light rigid rod has particles, each of mass m, attached at A, B 
and C, where AB ~ a, BC — b. A blow P perpendicular to the rod is 
applied at the middle point of AC ; show that the angular velocity ac- 
quired is 


P a b 
4W ' a* -f- at 4- 


(C.S.) 




O B * C 


n 

Fig. 157. 


Let 0 (Fig. 157) be the middle point of AC, G the 
of the three particles. 

Then 


OB 


a 


a -f t 
2 





centre of mass 


a — b 


AG = 


a ~f t 
2 



2a 4- t 
3 


. GC-: 



4 * t = 


a 4- 2t 

’~3 


Hence the moment of inertia about G is m(v 4 G * 4- GR* 4- GC®) 


=“[ 


4a* 4- 4- b * 

5 ~ 


2ab 4- t* a* 4- 406 4 - 4^*1 


+ 


= ‘^m{a* 4- at 4- t*). 


The centre of mass G moves parallel to P, and taking moments 
about G, if cj is the angular velocity, 

^w(a* oh A- t*)£ii = P — g--» ' 

__ ^ 

* * ^ 4W * a® 4- at + t** 


Example (iii). 

A circular hoop of radius a, rolling on a rough horizontal plane, im- 
pinges on a rough peg of height ^ fixed in the plane. Find the angular 
velocity with which the hoop begins to turn about the peg. If V be the 
velocity of the centre before the impact, prove that if Si a Soga, the hoop 
leaves the peg immediately. (H.C.) 



Fig. 158. 
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Since V is the velocity of the centre, the angular velocity is 

Let C (Fig. 158) be the centre, P the point of contact with the peg. 
The angular momentum about P is unaltered by the impact. 

Now the angular momentum about P before impact is 

+ -^MaV = vMaV, 

and if at is the angular velocity after impact, the angular momentum 
about P is 2 Ma*(o. 

2 Ma*a) = tMaV, 

Iv 


Resolving along CP after the impact, since the velocity of C is aw 
perpendicular to CP, we have, if R is the pressure on the peg. 


Mg cos 0 - R = M — 
a 

R = JM® — Maw*, 
= %Mg - Ma 


and R becomes negative, i.e. the hoop leaves the peg immediately, 
unless 

Ma < *Mg, 

looa* ® * 

or 81 F* < 8oga. 


EXAMPLES XLVril. 

1. Two masses m, m', connected by a weightless rod, lie on a smooth 

horizontal table. The rod is struck at right angles to its length 
by an impulsive force F ; find the velocities of the masses, and show 
that the kinetic energy is least if F is applied at the centre of gravity 
of the masses. (C.S.) 

2. Two particles A, B, each of mass m, are attached to the ends of a 
light rod of length a. The rod is horizontal and instantaneously 
at rest when A receives an upward vertical impulse mv. Prove 
that, in the subsequent motion, the vertical component of B's 

V* 

velocity will always be downwards if is less than the least positive 
root of the equation 

;rsin (x -f- Vx* — i) == i. (C.S.) 

3. Two particles A, B oi masses 2m and m respectively are connected 

by a light rod and lie on a smooth horizontal table. If the mass 
A is struck a blow in a direction tan-^ ^ with AB, prove that the 
initial velocity of ^4 is VJ times that of B. (C.S.) 

4. Two equal heavy particles A, B are connected by a light wire, and 

lie on a smooth table. If A is struck a blow at right angles to 
AB, so that it starts with velocity F, determine the subsequent 
motion. (H.S.C.) 
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5. A uniform heavy rod, of length 2/, lias attached to it at one end a 

small ring which is free to move on a smooth horizontal wire. If 
the rod is let go from a horizontal position in which it lies along 
and under the wire, prove that when it becomes vertical the velocity 
of either end is V6/^. (H.S.C.) 

6. A cube of side za slides down a smooth plane inclined at an angle 
2 tan~^ I to the horizontal, and meets a fixed horizontal bar placed 
perpendicular to the plane of the motion and at a perpendicular 

distance - from the plane. Show that, if the cube is to have 
4 

sufficient velocity to surmount the obstacle when it reaches it, it 
must be allowed first to slide down the plane through a distance 
The obstacle may be taken to be inelastic and so rough 
that the cube does not slip on it. 

7. A uniform rod of mass in and length za is lying on a smooth hori- 
zontal table and is struck a blow P perpendicular to its length at 
one extremity. Find the velocities with which the two ends begin 
to move. 


8. A four-wheeled railway truck has a total mass Af, the mass and 
radius of gyration of each pair of wheels and axle are m and k 
respectively, and the radius of each wheel is r. Prove that, if the 
truck is propelled along a level track by a force P, the accelera- 
tion is 

P 


M + 


2mk*' 

" 7 ^ 


and find the horizontal force exerted on each axle by the truck. 
(Axle friction and wind resistance are to be neglected.) (M.T.) 

9. A solid uniform circular cylinder of mass m and radius r rolls 
(under the action of gravity) inside a fixed hollow cylinder of 
radius R, the axes of the cylinders being parallel to each other and 
also horizontal. At any time t during the motion the plane con- 
taining the axes of the cylinders makes an angle 0 with the vertical. 
Show that the potential energy of the moving cylinder is 
nig(R — y) (I — cos 0 ), 
and that its kinetic energy is 

Hence, or otherwise, show that the time T of a small oscillation is 


T = (M.T.) 

10. An impulse is applied at a point P in the rim of a uniform circular 
disc in such a manner that P starts to move along the tangent to 
the rim at P. Prove that the initial velocity of the centre of the 
disc is J that of P. 

11. A uniform circular hoop lying on a smooth table receives a blow 
at a point P, the direction of the blow lying in the plane of the 
hoop and making an angle a with the radius through P. Show that 
P begins to move in a direction inclined to the radius through P 
at an angle tan-'(2 tan a). 
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12. A uniform square lamina of mass M lying on a smooth horizontal 
table has a particle of mass m attached to one corner by an inex- 
tensible string. The particle is projected with velocity V along 
the table in a direction along one of the sides through the point 
of attachment. Prove that the loss of energy of the system when 
the string becomes taut is 

13. A uniform rod AB hangs vertically from a fixed point A. At B is 

attached freely an equal rod BC which also hangs vertically. At 
a point D in BC a horizontal blow of given magnitude is applied. 
Prove that if BD is of BC, then the initial angular velocity of 
BC is zero. (S.) 

14. Two uniform rods AB, BC, alike in all respects, are freely jointed 
at B and lie on a smooth horizontal plane with AB and BC in one 
straight line. AB receives a horizontal blow at its middle point 
at right angles to its length. Show that the two rods begin to move 
with the same angular velocity. 

15. A lamina at rest on a smooth horizontal table receives a horizontal 
blow at a given point. Prove that, whatever be the magnitude 
and direction of the blow, the instantaneous centre of rotation 
lies upon a fixed straight line. 

16. A billiard ball, whose diameter is 2 inches, moving with a velocity 
of 10 ft. /sec. and having an angular velocity about a vertical axis 
through the centre of 100 radians a second, is made to rebound 
off the side cushion of the table in such a way as will ensure its 
patli being deflected through a right angle. The sense of the spin 
and disposition of the cushion are shown in Fig. 159, and it may 



Fig. 159. 


be assumed (i) that there is no slip at the impact, (ii) that the im> 
pulsive reaction is in a horizontal plkne passing through the centre 
of the ball, and (iii) that the coefficient of restitution is 075. Find 
the angle that the initial path must make with the cushion. (N.U.4) 

17. A lamina of mass M moving in its own plane has angular velocity 
CD, and its mass-centre G hats a velocity F. Prove that its momen- 

turn can be represented by a vector M F at a distance -p- from G. 

Two equal uniform rods AB, BC, each of length 2a, are smoothly 
jointed at B and rest in a straight line on a smooth table. The 
rod AB is smoothly pivoted to the table at a point distant x from 
B. If a blow is given to C in a horizontal direction perpendicular 
to the rods, prove that their initial angular velocities are in the 
ratio 


2ajc ; i2a;r — — 8a“ 


(N.U-4) 




ANSWERS TO THE EXAMPLES. 


(1) lo ft. /sec. 

(2) t2'i 6 ft. /sec. 
<3) 34 <t./sec. 


EXAMPLES I. O'- 

I (4) 6V3 iO'39 ft. /sec. 

(5) 30 ft. /sec. ; 51*96 ft. /sec. 


EXAMPLES 11 . (p. 12 ) 


{i) 300 ft. 

(2) At cos"^ } with the bank up stream. 

(3) At 131'^ 4^' with his direction of 

motion. 

(4) The one who swims north ; i min. 

sooner 
{5) 80° 25'. 


^6) 12 nearly ; about 79^ N. of E. 

(9) (i) straight across ; 2 mins. ; I 

mile ; 

(ii) at tan-^ * with bank up 
stream ; 2| mins. ; 704 ft. 

(10) 16^ 41' E. of N. : 43° iq' E. of N. 


EXAMPLES IIL(p. 16 ) 


(1) 64*03 m.p.h. at 38° 40' with direc- 

tion of second. 

(2) 18*03 m.p.h. at 33' 41 with direc- 
tion of 'bus. 

(3) tan-^ with horizontal ; 24*17 

ft. /sec. 

(4) tan-»L±^S. of W. 

(5) 20 m.p.h. ; tan-' f W. of N. 

(6) After 0*55 hour * 6*o miles. 

(7) Sin"' .,L in front of ship. 

(8) 3 m.p.h. ; tan“' | with A's direc- 

tion. 

(9) tyi m.p.h. : 202 yds. and 367 

yds. 

(10) II J m.p.h. : tan-i'i^^!^^ W. 

of N. ; miles. 


(11) 26 ’ 9' E. of N. 

(12) 31'' 5' N. of E. ; 20*55 knots. 

(13) .56*35 m.p.h. : 27^ 28' N. of E. ; 

about 4.} mins. 

(14) 0-13 mile. 

(15) 12*8 m.p.h. ; nearly 5 mins. 

(16) 4*92 mins. 

(17) 48'’ 36' w'ith FW. 

(18) 15*4 nautical miles ; 47° E. of N 
(19! 10*1 knots; 12° 7' E. of N. : 

10° ii' W. of N. ; 9*7 knots. 
(21I 147 and 90 nautical miles nearly. 
(22^ ^\, mile. 

(23) 10 36 m.p.h. 

(24) 24*97 m.p.h. 

(25) (i) 0-19 mile; (ii) ^ mile. 


EXAMPLES IV. (p. 23 ) 


(i) lOTr ; 62*8 ft. /sec. 

(3) 7^*55 ni.p.h. at 26^ 33' above and 
below* the horizontal. 

(4) Nearly 109 ft. /sec. 

(5) 18 ■■ i'. 

(6^ 5 ; 28*28 ft, /sec. at 45 ’ above and 
below the horizontal. 


(7) 

(«) 


( 9 ) 

371 


i2i m.p.h. ; 7J m.p.h. ; 20 m.p h.; 
zero. 

u 4 - V : V'n* 4- V* -f V 

Vu* V * ; where u is the velocity 
of the wheel and v that of the 
point. 

iVi8i3 + 588 COS $ m.p.h. 
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EXAMPLES V. fp, 31 ) 


(1) 25 yds. per sec. 

(2) 0*264 ft. /sec. “ ; 0*528 ft. /sec.® 

(3) 5ft./sec.® 

/ V T . j, c — h 3a —b 

(4) 26 = o + c ;/= -p-; M = — 5J-- 

(6) M = 3 ft. /sec. ; / — ^ ft. /sec.® ; 

720 ft. 

(7) AV mile ; 44 -- 62*2 ft. /sec. 

(8) m ft. /sec.® 

(ii^ 300 ft. 

^14) 3 ^ -f .t>.. 

• 4 (M + D)' 


(15.1 « 


4 fc — g - 3 ^ 
2n 


(16) 8i miles. ... 

{18) f ft. /sec.® ; f ft. /sec. 

(19) 3 secs. more. 

(20) f. 


2 


(21) i0\/7 m.p.h. ; 4 mins. ; 

mins. 

(22) ft. /sec.® 

(23) 176 secs. ; mile. 

(24) 20 ft. /sec. ; 82 J .secs. 

(25) 120 ft. W. of O. 

(26) 43.'( m.p.h. 


2*58 


EXAMPLES VI. (p. 39 .) 


(1) Uniform speed for the first 10 
secs., then an acceleration of 
ft. /sec.® ; 275 ft. 

(2) i^o ft. /sec. : 2 ft. ''sec.® 

{4) 37i ft. /sec. 

(5) The increase in 

(6) ^ ft./sec.® ; 81 ft. /sec. : 3240 yds. 

(7) 66 ft. /sec. 

(8) 1571 ft. ; 38 secs. 


(9) 2*8 ft. /sec.® 

(ii) 23*2 ft. /sec. ; 25 ft. /sec. 

12) 2‘7 miles; J ft. /sec.® 

13) 57 tt. ; 9 It. /sec.® 

(14) 0*975 ft./sec.® ; 1 ft. /sec.® 

(15) T4I. 20, 30, 30 ft./sec. 

(16) About I '9 sec. 

(17) mile ; 35 m.p.h. ; i min. 


EXAMPLES VII. (p 4 .S) 


(1) 3-g/;mins. 

(2) 81*24 secs. 

(3} (i) The foot of the perpendicular 
from B on OA ; 

(ii) the centre O. 

(4) He cannot swim up stream. 

(6) B, in direction CB; C at tan-^f, 
with CB ; tan-* ^ with AB. 

. 6 sin OPQ . cos OPQ 

a " sin OQP ’ it cos OOP' 


(«) « = I- 

(9) U ; il : 44 ° ft. 

(10) 34° 48' E. of N. ; 3 br.<?. 6 mins. •; 
31*5 miles to N. 

(11) 1 1 -I mins. 

(12) COS"* IS or 12° 49" ; 28*^ 17'. 

(13) ii| knots ; 21 J mins, nearly. 

(14) 25^5 mins. 

(15) 2 secs, nearly ; ft./sec.® 

(16) 54 m.p.h. ; 49i', m.p.h. 


EXAMPLES VTII.(p. 5 ()) 


(1) (i) 56^ ft. : (ii) I .sec. and 3 secs. 

(2) ^i) After 2 secs. ; (ii) 5 secs. ; (iii) 

1 sec. and 4 secs. 

(3) (i) 1600 ft.; (ii) 2i*secs. ; (iii) 80 
ft./sec. 

(4) *264 ^t. 

(5) (1) 3 secs. ; (ii) 16 ft. 


(6) 400 ft. 

(7) 320 ft./sec. ; 20 secs. 

(8) 49-17 ft. 

(12) I ft. above the top of the window. 

(13) 24 ft. ; 2 h sec. 

(i6) 240 ft. ; 272 ft. ; 8*8 secs. 


(1) 112^ ft. ; 3 f secs. 

(2) 30^ 

(3) 24 ft./sec. ; 3} secs. 



/2 - 
/ 




EXAMPLES IX. (p. 52 ) 

(6) sin a cos p. 

A circle of diameter sin a with 
A as highest point. 


EXAMPLE X.(p. 56 ) 

(i) Let the bisector of </ f^CA cut BA in D, and let the circle with centre 
D and radius B touch CA at E, then BE is the required line. 
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EXAMPLES XI. (i>. <> 7 ) 


(1) J ft./sec.* ; i6 ft./sec.* 

(2) H lb. wt. 

(3) . 36 J mins. 

(4) 53A* tons wt. 

<5) l88Sft. 

/6) 102 1 lb. wt. per ton ; i min. 

(7) 225 cm. /sec. : 562^ cm. 

(8) 80,000 dynes. 

(9) 1*23 mile, 

(11) 6150 dynes. 

(12) iijg lb. wt. per ton. 

(13) 19^ ft./sec. ; 28^ ft. 

(14) (i) 10 lb. ; (ii) lb. wt. 

(15) (i) 192^ lb. wt. ; (ii) 87^ lb. wt. 


(16) 19 cm. /sec. 


(17) — downwards. 

13 

(18) (i) 110 secs.; 
546 secs. 


(19) 22oy'3 secs. 


(ii) 


22 secs. ; 


(iii) 


(20) g lb. ; ?. 

(21) 2:1. 

(Z2) 250^/2 ft /sec. 

(23) 1323 X 10^ dynes ; 134862-4 gm. 
wt. 


EXAMPLES XII. (p. 75 ) 


(1) (i) 8 ft./sec.® ; (ii) 7^ lb. wt. ; (iii) 

15 lb. wt. 

(2) (i) ft./sec.® (ii) lb. wt. 

(3) (i) 4 ft./sec.® ; (ii) 7! oz. wt. 

(4) (i) 1961 cm. /.sec.® ; (ii) 24 gm. wt. 

(5) (i) 14 ft./sec.®; (ii) 3]^ lb. wt. ; 

(iii) ^ lb. wt. 

(6) (i) I sec. ; (ii) } sec. 

(7) (i) I sec. ; (ii) i sec. 

(8) (i) 8 ft./sec.® ; (ii) 2| lb. wt. 

(9) (i) I sec. ; (ii) 2^ secs. 

(10) (i) Vs secs. : (ii) — secs. 

(11) i 3 Ht. 

(12) 2f ft./sec.® ; 2I lb. wt. 

(13) 8 ft./sec.® ; 2| lb. wt. 

(14) 32 ft./sec. ; 112 ft. 


(16) 7-32 ft./sec.® 

(17) 8 V 10 ft. /sec. ; --- -- - secs. 

4 

(18) 6*4 ft./sec.® ; 3J ins. 

(19) 16 ft./sec.®; 0*79 .sec. 

(20) 17920 and 15360 ; 16 ft./sec. 

(21) 4V'55 ft./sec. 


(22) 


( 23 ) 


M 


E* - 

M 


8 : I and i : 4. 


(24) I.’, kilo; 42 cm. /sec.* 


EXAMPLES Xm. (p R 4 ) 


(1) 

(2) 

( 3 ) 

( 4 ) 


( 5 ) 

( 6 ) 

< 7 ) 

( 8 ) 

< 9 ) 


21 J ft./sec.* ; jm lb. wt. 

12 lb. ; 20 lb. wt. 

5f lb. ; 134 ft./sec.* ; 24 ib. wt. 

For M, 4»«..«. - + m j 

4W1W2 4 - M{mi -f- wjj)* 

* -f M(tni -j- Wj) ® 

lor m. ^l3>”.'- .7*> - . 

* 4mp»2 “f M{mi -f- m,) ^ 

iMmg m*g 


•fimg pdls. : A, Ag’ ; B. fSg- 


ug 


- for (W -1- w) ; 




“f 2 W 

for 2W, 

i 

4' 

(i) 2 oz. wt. ; (ii) 
(iii) ij oz. wt. 

) 2 ; I. 

VOL. I.^T 3 


2W 


oz. wt. i 


(j 2 ) ^ * • 

' Af -f w sin® a ’ M -f w sin® a ' 
(M -f w) sin® g 
M 4- w sin® a 

P 

(14) — downwards. 

23 

(15) Acceleration of m, 

^Mm'g 

M[m -|- m^) -f 4wm' ' 
Acceleration of m\ 

Mjm' — 2m) -f ^ntfn' 

M{m -j- m') -f 4fww' ° ' 
Acceleration of M, 

M{m -t- m') — 2mm' 

M{m -f m') -f 4mjn'^' 
Tension, 


(16) 


M{m m') 4 - 4mM'' 

^Mmnt'g 

M{m -f m') 4- 4wm" 
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. M {M m}^ cos g 
M m sin* a 

(i8) 8^ secs. ; xjH secs. : lo cwt. 
(ig) r I ft. /sec. ^ 

(20) q 66 lb. wt. 

(23) - -^4 

(26) 


n'^g ... 2 b 


(29) H#: ig- 

(30) 13 ft. /sec. 


2 


(32) 

(35) 


5 ’ loi * loi' 

Sniyfn^g . 2om^m^g 
ibmj + ' ibmj + m/ 


EXAMPLES XIV. (j). 100) 


(1) 25 lb, wt. })er ton, 

(2) 168 Ib. wt. ; 13-44 H.P. 

(3) 507U H.P. 

(4) ^3465 lb. wt. ; 507}! H.P. 

(5) 15 m.p.h. 

(0) 77- 

(7) 618 lb. wt. : 10-48 H.P 

(8) 86820f 

(0) (i) 0-46 ; (ii) g-2 

(10) 28 64 H.P. 

(11) 230^'; ft. ; 20 ij ft 

(12) tan a < fx 

(13) 677-6 ft. lb : m.p.h. 


(14) .: pdls , i.s|- It. U). , H I>. 

(15) 170J ft. 

(16) 436 ft. lb. ; 8 H P. 

(17) 8Uft. lb. ; ..Eb, H.P. 

(18) (a) 68-4. (b) 5*7 m.p.h. 

, , mV <^‘yoHn 

(“5) ■ ^r-’ 

i in 347 ; 93J lb. wt 
{20) (i) m.p.h ; (ii) 8; m.p.h. ; 

i8f lb. wt 

(21) 6o6jf H.P. 

(22) 768 H.P. ; 72 m.p.h. 

{23) 7| secs. ; 244/1 H.P. 

{24) 2462^11 H.P. 

(25) 256 H.P. ; 23, *V m.p.h. 

(26) I ft. /sec.*: 56^: m.p.h. 

{27) (i) 537 6 H.P. ; (ii) 1073-2 H.P. 

(29) 266| ft. ; 1333.^ ft. lb. 

(30) i6-g H.P. 

(31) 1-9 H.P. 

{32) 8800 ft. lb. ; 4840 ft. lb. : 24-8 
HP. 


(33) 1 3391 ‘ H.P. 

(34) 300 lb. wt. ; 85(1 mins. ; I7 yVv 

miles ; 78 miles. 

(35) Ox wt. 

(36) II A H.P. 

(37) 5.98 H P. 

(38) lb. wt. per ton ; H.P. 

(39) ^^ft./sec.*; 4io6fIb. wt. ; 637A 

HP. 

(40) 266f H P. 

(40 37ini.p.h. 

(42) 34 A H.P. 

(44) 638H H.P 

(45) 4*45 X 10® ; 835 >, H.P. 

(46) 46/A m.p.h. ; 22-73 m.p.h. ; i 

in 160. 

(47) 624 m.p.h. : 3000 lb. wt. 

(48) 29-96 H.P. 

(49) 12 m.p.h. : i|] ft. /see.* 

(51) 2^ H.P. 

(52) 272-A H.P. 

(53) 121 ; 225 : AVnr ; O-I H.P. 

(54) 35'96 secs. ; ii-gg H.P. 

(55) 48-5 H.P. 

{57) 32/1 H.P. ; 8 ; 2250 lb. wt. ft. 
(58) 648A lb. M’t. ; 3-9 ins. 

{60) 1-136 cm. 

(63) i28i ft. ; H.P. ; ft. /sec. 
{64) 5^^ 8'- 

(65) 42-6 H.P. ; 94,’- m.p.h. 

(67) lUH.P. 

(68) 550; I3fsecs. 

(69) 583^ lb. ft. 

(70) 17,5624 lb, wt. ; 8781 J lb. wt. 

(71) 8125 lb. wt. ; 25*1 m.p.h, 

(72) i ft./sec.* : 23A m.p.h. 


EXAMPLES XV. (|). Ill) 


(1) 4i H.P. 

(2) I in 56. 

(3) ji ft./sec.* 

(4) 1000 lb. wt, ; 698^ H.P. ; 

sec * 

(5) 1651b. wt. 

(7) . 5-35 tons wt. 

(S) 40 m.p.h. nearly. 

(9) 7500 wt. : AVo ft./sec.* 


(10) 103 ; vSoo H.P. 

(12) 14 H.P. 

(14) 375,000 lb. wt. ; 56,953} H.P. 

(15) 1 1 -3 nearly. 

(1 6 ) 0-12 ft./sec.* ; 2160 lb. wt. 

(17) 28^ H.P. ; 24-8 m.p.h. 

(18) 0-644 H.P. 

(19) 18 H.P. 

(20) 1289. 

(21) 51-8 m.p.h. 

(22) 6274 H.P. ; 45 m.p.h. nearly. 
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EXAMPLES XVL (p. 120) 


(2) 25-6 m.p.h, 

Pg 


1584 ft. 


(5) - 


PV 


2240W' 


(.-I'-i 

\ ■2 a 


ft. /sec. ; 


a -f 


2240m 

2 bo a -f bv^^‘ 

(81 180 ft. /sec. 

(9) 3-08. 

(12) 5*6 m.p.h. 

(13) 2 ft. /sec.* 

(14) 17 mile. 


- )ft. lb. per sec. 


ft. 


4-84 H.P. 


(15) 55*3 m.p.h. ; 7260 


Ir 


dv 


936 


(16) 

2} ft. /sec. 


in) 

41 secs. ; 


(18) 

20yj2 ft. /sec. 


(19) 

20*7 ft. /sec. 


(20) 

1*7 miles ; 603*4 H P- 


(21) 

2*2 ft. /sec.* : 5*6 H.P. 


(22) 

2*5 X 10^ pdls. ; 2 X 10’ 

pdls. 

(23) 

33 m.p.h. 


(24) 

506 H.P. 


(25) 

27*4 ft. /sec. 


(26) 

(i) 8*3 ft. tons ; (ii) 0 

ft. 'sec, 


(iii) 1 8*5 ft. tons. 


(27) 

Nearly 25 ft. /sec. 


(28) 

Nearly 32 ft. /sec. 


(29) 

i6§ ft. 



EXAMPLES XVII. (p 12S) 


(1) 1 pdl. ; 100 ft. pdls. 

(2) 741-6, 

(3) 8 pdls. 

(4) 10281 ft. 

(6) (i) 1*382 X lo* ; (ii) 981* x 10*. 

(7) Ft. pdls. (i) X 1000 ; (ii) x 10* ; 

(iii) X JO* ; (iv) x io«. 

(10) 2,319,000. 

■ ^-482 X IO-*. 


M 

(J2) 322^ pdls. ; — ih. p)er cu. ft. ; 

M 




, oibM 

443, TOO A/ dynes ; — y — gm. per 

M 


62*3 F' 


(1) 8 ft. /sec. 

(2) 20 cm. /sec. 

(3) 12^ ft. /sec. ; nearly 58*0 tons wt. 

(4) i 6*2 ft. /sec. ; 8-2 ft. 

(5) pdls. 

(6) 156 tons wt. 

(8) 19*4 ft. /sec. ; 3,,’.., per cent. ; 
sec. ; 145A lb. wt. 

R~~ zW VP*+ 48 i?H^- 48 fr*~ 

26 

7*47 ft. /tons. 

(10) 31*15 tons wt. 

(12) 30 ft. /sec. ; 361 ft. tons ; ft. 

, , M m I M 

M + m"’ MV A/ + w"' 

mH’^ 

2Mg{M 4- w)’ 

(14) i9.4<XL?t>. wt. 

(15) 360^97 lb. ft. units of impulse. 


(ii) 35*3 it. 

(lii) 16 . I. 

(*20) 575*8 ft. /sec. 

(21) 715*8 lb. wt. 

(22) 100*2 H.P. 

(23) Nearly 22 lb. wt. 

(24) 8A ft. 

(-5) 4i tons wt. ; sec. 

(281 834-5 H.P. 

(201 

mv ' 2 (M + m) ‘ 

(30) 27,300 Ib, ft. units. 

(31) 307.700 ft. lb. ; 51,270 lb. wt. 

(32) 65^^ lb. wt. 

(33) 3 ft. /sec. : 72,090 ft. pdls. 

(34) it«(t;-M)^i;-f ii- 2 F~^j^^ j; 
(37) tons wt. 


EXAMPLES XVIII. ( p 13/>) 

I (17) (i) 30 ft. /sec. : 
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(2) 


2 4 


2a(mj —■ m^) 
7(Wi -f ni^ 

r 


EXAMPLES XIX. (|>. 145) 


(16) 

' ' I5W 15m 


2 ga{m^ - m^) 

nil "f Wj 


fWj -4- mo 

(3) ft. ; 2 secs. 

(5) 24 ? ft. ; secs. 

4 

{7) () ft. /sec. ; I sec. 

(8) o*c)6 sec., assuming that edge of 
table is rectangular. If the 
edge is assumed to be rounded 
the time is 0-870 


ill 


a] ; 

t V 

ind 

V 


2awg 
W w 

vertical ; A has a vertical com- 
ponent velocity equal to that 
of B and a horizontal compon 

ent of 

yw + w 

(12) Perpendicular to the original 
direction of the first particle at 

ft. /sec.; 10 ft. /sec. at bo^ 
9 

to its direction before the blow. 




(17) 

(iS) 


(20) A, 


15m 

1 P*[w -f (m" -f- m") sin^ a] 

2 [w*-|-m(m'-f m'^)-|-4m'w"sin*acos*a] 
P P 

2VTm 

mj cos a 


B, 


ma-f W3) sin* a ’ 

i V sin* sin* a 

m^ + rn^)-\-m^ni^ sin^ rx ' 
(mg-f-mt sin* g)/ 




’ m2(mi-l-m3-f ma) Pmima sin* a' 
(21) iil sec. ; 6 ft. /sec. ; ft. lb. 
«(« — i) 5 V 

; v> w • 


( 22 ) 

(23) 32 ft. /sec. ; 168 ft. lb. ; 2 lb. 

(24) 2*4 ft. /sec. ; 94 ft. pdls. ; 2-12 ft./ 

sec. 


EXAMPLES XX.(p. LSb) 


(1) 3 ft. /sec. ; 3.^ ft. /sec. 

(2) 6 ft. /sec. ; 7^ ft. /sec. 

(3) ft. /sec. ; 42 ft. /sec. reversed. 

. . gmg) , — magO(i -f g ). 

''' mj + mg ’ (mi-h»W2)(m2-f-m3) ' 

-f g)(i-f gQ 
(mj -h Wj)(m2 -f m3)' 

(8) 32-7 ft. /sec. and 7*8 ft. /sec., both 
reversed ; 47-8 ft. pdls. 

(11) If secs. 

(12) 7000 ft. lb. 

(13) 2 ft. /sec. : 3 ft. /sec ; 45 ft. pdls. 


(15) 2 ft. /sec. ; 5 ft. /sec. ; 1050 ft. lb. 

(17) 

(18) I ft. /sec. ; 2800 ft. lb. 

(24) Three. 

(25) 160 ft. ; 360 ft. 

(26) ; 2 1 ft. /sec. 

, , ” rt6(i -f a b 

(30) (rqraHFTT)”’ ='■ 

(31) 3^ ft. /sec. ; 22 ft. /sec., both re- 

versed ; 42*07 per cent. 

(32) + e,){Vi - 1;,) 

mj -f- mg 


EXAMPLES XXI. (p. 164) 


(I) 

I ft. ; i sec. ; i*6 ft. /sec. 


(4 

i- 


(3) 

io\/i3 ft. /sec. at tan-^ ^ 



with the plane. 

(4) 

(i) 8\/r3 ft. /sec. at tan 

(f) 

below the horizontal ; 



(ii) SV'iq ft. /sec. at tan ^ 

;’-f) 


below the horizontal. 


(5) 

0 0256 ft. lb. 


(6) 

0*91. 



(7) ft. f rom the corner at t an"" ^ (f). 

(8) (i) uV cos* OL + e* sin* a at tan“^ 

{e tan a) [ 

(ii) niu{i — V cos* a -f tf* sin* a) 

(iii) ^mw* sin* a(i — e*). 

(10) 2*3 ins. 

(11) towards the wall; 

away from the wall. 

(12) 5625 lb. wt. ; 2559 J ft. lb. 
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EXAMPLES XXII. (p. 170) 


(1) 8*66 ft. /sec. perpendicular to the 

line of centres ; 2^ ft. /sec. along 
the line of centres. 

(2) 3*7 ft. /sec. at cot ^ V^ . 3 , to line of 

12 

centres ; o-i ft. /sec. along the 
line of centres. 

(3) 4-62 ft. /sec. at 60*^ to the line of 

centres; 4-16 ft. /sec. at tan-* 

to the line of centres. 

(4) 4*07 ft. /sec. at tan-* (— 3-v/3) to 

the line of centres ; 6-43 ft. /sec. 

at tan -* ^ to the line of 

centres. 


(5) 


2 


u and 


each at 4s® to the 
2 


line of centres. 

(b) 0'8 m ft. /sec. and i-i6m ft. /sec. at 
40° 12' and 48° 12" to the line 

of centres. 

(10) V 4 sin^ g + cos^ (x(i — e)^ . 

2 

2 L I - ^ 

to, and along the line of centres. 

(13) Along the line of centres ; at 

tan-* 

centre. 


EXAMPLES XXITI. (p 170) 


(4) AandB, 4- ^) ; c, ^ (2 - 31?). 

(9) V sin (f> and V cos (f>. 

(15) 5 ft. /sec. : 20 gm. cm. units of 
impulse. 


(16) The impulsive friction is greater 
than the momentum down the 
plane, and the bodies will remain 
at rest. 


EXAMPLES XXIV. (p. 186) 


<i) (i) 36 ft. ; (ii) 3 secs.. 144^/3 fL ; 

5V^3 \ 


(2) (i) 128 ft. : (ii) 1124^ ft. ; (iii) 288 
ft. 

(3) 80 ft. /.sec. : sec. 

(4) 5000-\/2 ft. 

(5) 9600V3 ft. 

(6) 80 ft. /sec. at tan-*{f) to the hori- 

zontal. 

(7) 1088 yds. 

(8) 97*96 ft. /sec. : 4*33 secs. 

(10) 277-12 ft. 

(11) 1115-6 yds.; 91'^ to the hori- 
zontal. 

(12) 1813 miles. 

^3) 394-7 ft. 

(14) 13-4 ft. 

(15) tan-‘(4) ; 200 ft. /sec. ; 10 secs. 


(iii) 92-24 ft. /sec. at tan -*| 
to the horizontal. 


(16) secs. 

(18) 29-1 4 ft. /sec. 

(19) 64V660 ft. /sec, 

(20) Horizontal and vertical distances 
from O are 1152 ft., 1152 ft. ; 
1440 ft., 720 ft. 

(21) tan-*(J^) : 366-7 It. /sec. 

(24) 4110 ft. /sec. ; 25 miles. 

(26) f 

(28) iioflft. ; 6o\/3ft. 

(29) a tan a ^7 ^— - b, 

' '' 2 F* cos* a 

(30) tan-* (1-05) to horizontal. 

(3^) 

(33) tan-i('-i^). 

(34) 3f J ft. ; 0-45 sec. 


EXAMPLES XXV. (p. 195) 


(1) . 1^1 sec. ; 1875 ft. 

4 

(2) (i) Nearly 8834 yds. ; (ii) nearly 

yds. 

(3) 217*5 metres. 

(4) 2000 metres ; 6000 metres. 


(5) 27*7774 yds. ; 2i.566iyds. 
27,7771 yds. ; 24,408 yds. 

(12) 64,030 ft., 1887 ft./sec. at tan- 

(1*6) to the horizontal. 

(13) i6o,ooo ft. ; 100 secs. 
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EXAMPLES XXVI. (p. I9K) 


(3) (5) 15" and 75" ; 


(4) A little over i" ; 2 0 ft. 


i + Vi 


EXAMPLES XXVII. (p. 209) 


, , , . ,/n.sin 2 a\ b , / !l + h \ 

(3) a-isin “( V“A I j from foot of wall; 


2 cos- a(»» - sin g) , ... 

’ y 2h "■ 

.rtana , , , ; ; (>6) 3i>-«oo ff- : tan-' (H)- 

2 cos^ a(M^ — 2^/ Sin a) (ly) 63-24 ft, /sec. at tan-^ (2): i-o9 

, zel cos* a , sec 

1 4. times as great. 

w** sin a 


EXAMPLES XXVIIL(i). 213) 


, , Qt/* Sin a CO.S a sm a 
256 ’ 64 

(4) 160 ft. horizontal Iv from A. 

(6) i 

(8) 8h sin a, where a is the inclination 
of the plane. 


V‘{i + .) tan 0 ^ 

^ g cos a 

velocity of projection, and 
cot 20 ~ (t e) tan a. 


(1) 2\ Ib. wt. 

(2) 120. 

(3) 18*15 tons wt. 

(4) 4iof lb. wt. 

(5) 0'45 ft. 


(I) 

' ' 900g 

(4) ^^ft. 

(5) 4*98 ft. ; 10*96 lb. wt. 
g(A - 


EX.\MPLES XXIX. (p 219) 

( 6 ) 

(7) 


I (10) 36*4 ft. /sec. ; 6i^J ft./sec.* 


EXAMPLES XXX. (p 22S) 
I ( 7 ) it), wt. 


1/”*^ • t ,/ 

\MJ ’ 2it \*n(/ - a)' 


(14) *na^4jr»M* -|j. 

(15) 12 lb. wt. 


(1) 2*92 ins. 

(2) 40 ft. /sec. 

. bv^ 

(4) I-I5 in. 

(.5) 50-1 m.p.h. ; i 

(6) 48° 54' ; 2*28 tons wt. 

(7) 51 m-p.h- 

(8) 8 ins. 

( 9 ) 7''4o'; o*L^45- 

(10) 11° 24' ; 0*52. 


EXAMPLES XXXL(i). 233) 

(it) 38*5 m.p.h. 

(12) 38" 27'. 

(13) 31*87 tons wt. 

(15) o*o6 of wt. 

(16) 0*15 ton wt. nearly. 

(18) 1047 lb. wt. 

(19) i8*i m.p.h. 

(20) 47*36 ft. /sec. 


(21) tan-4^ 


EXAMPLES XXXlI.(p. 239) 
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EXAMPLES XXXni.(i) 248 ) 


(r) 25-3 ft. /sec. ‘ Q 07 .. wt. 

(3) -239 cm. /sec.* ; 1-24 gm. wt. 

(4) 10 12 ft. /se c. 

(5) 8V3 sin $ ft. /sec. , lA Jb. wt. ; 

i ft. ; lb. wt. 

-4 

(6) 0-t ft. : ()-8 ft, 

(7) 3 \ ft. 

(8) tons wt. 

(9) 27X m.p.h 

(ii) w(^i ^ ~ ^ ft. /sec. ; 4 ft.; 
IV 


(13) 16 v ^ ft. /sec. ; — - : \2\^ 1 

ft. /sec. 


(14) 300 lb. wt. ; just. 

(15) mg{^ cos B — 2) outwards ; 

(18) 3 lb, wt. ; T ft. 

(20) 0*43 of its wt. 

(24) izVi ft. 'sec ; ft 
(zb) b ins. 

(28) V sag ; ~ vei’tically bf'low top of 
semicircle. 

(29) (i) I'he particle de.scribes complete 

circles. 

(ii) The particle does not reach the 
level of the point of suspen- 
sion. 


EXAMPLES XXXIV. (p. 2 (> 1 ') 


(I) V 7 rr : -• 


(2) 2 ft. /sec. ; ^Vz ft. /.sec. 

(3) 3 ft. ; rr sec, 

(4) 2rr sec. ; 5 ft. /.sec.* 

(5) 4 ft. ; zVy ft. /sec. 

(6) 37r ft. /sec. ; 37r* ft. /sec.* 

(8) 8 secs. ; — — ft. or ii V2 ins. 


(q) - ft. /sec. ; ft. 

TT 37 r* 

, . 2ir 

<") “■ T- 


(13) 2»'' 


V 



V. Jv, 

[“^2* - 


V- 

t’2* ' 

t;i* - 



- 



^2* 




7 ) 2 _ 

7 » * , 




Xi 

2 nV 5 ^ V ^ /161 , 3^161 

3 ' 3 ’ ' 3 ~ ■ 


(14) Nearly 1600. 

’\b) — sec. ; — -cKx}. 

3ta 2 

(17) 2*72 ins. ; 0-005 sec. 

(t8) 'IT ft. /sec. ; Oo ft./'stic.“ ; ft./ 

sec. ; 30 ft. /sec.* 

(22) (i) ZTrnVa^ - .r* ; (n) zirna sin 

zirnt. 

(27) (i) -ft. ,'sec. ; (ii) A ft, /fi^c 

IT TT^ 

(28) ft. ; 2 jr \/5 sec. : 0 080 sec. 

(29) 5 ft.; (i) 15 ^ ft. /sec. ; (ii) 

ft. /sec. 

(30) ;r -= 5 sin 4^ 

(31) 8*4 ft. ; 4*683 secs. ; 0-204. 

(32) 52*36 ft. /sec. ; 10966 ft. /sec.* 


/ X ^ • ’’’V' 10 

(i) t> ms. ; sec. 


EXAMPLES XXXV. (p 270 ) 

\/ 2V 


(2) sec. ; ft. /sec. ; 8 ft. /sec.* 

(3) About ^ in. 

(4) (i) - ft. : (ii) ft. lb. per sec. 

7T 04 




ft. /sec. 


(9) 2 ft. : 

(ij) — per min. : ft. /sec. 


IT /5 

-a/~ sec. ; 

4 > 3 


(12) 


/ X 3 

(13) ~^sec. 


V5 


ft. /sec. ; 9 lb. wt. 


13I lb. wt. ; I ft. /sec. 
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(15) “ sec.; ft. /sec. ; ft./ 

\ j ' c '23 


24 
sec.“ 


(16) 8 ins. ; 5 lb. wt. ; ~ sec. 

(17) in. : -'—^sec. ; ft./sec. 

{18) ft./sec. ; sec. 

(19) sec., taking gSo. 

14 

(20) ^ sec. ; f! ft./sec. 
o 


(21) ft./sec.® ; — ft./sec. 
9 ^ 3 


V 


lO -h 


. IT V^2 

(22) -^sec. 


47r® 


(25) ft. ; 5^ lb, wt. 

TT 

(26) 277 i 




aM 

w 


(M 4- w) 

2 sec. ; 

yng__ 

{28) 4 ins. ; |\/ 10 ft. /sec. 

. . 2rra V^b 

(29) r = ~ ; T { nearly. 

(30) zero ; 9-0 nearly. 


EXAMPLES XXXVI. (p. 27K) 


(1) Gains 270 secs. 

(2) 99'4 cm. , 1*775 nun. shorter. 

(4) 405 secs. 

(5) ni 

(b) 120 secs. 

( 7 ) in. : 4888.^ ft. 


(8) 1-0005 : I ; 1-852 mile. 

(9) 30’ 2. 

(11) 1-86 in. ; i Ib. wt. ; 1-92 sec. 

(12) 11-4^ 

(13) Nearly 320 ft. ; 1°. 


ml L 


Q' 


EXAMPLES XXXVlL(i) 287) 


( 6 ) 2X„J . M . . . .... 

\ M -f- 4W1 
(12) 1-9 ft./sec. 

(14) 7*35 ins. 

(17) (i) 3 ins. ; (ii) 30 lb. wt. ; 
(iii) sec. ; (iv) 1 h ins. 

( 19 ) 


(20) 


(21) 


v^r- 


S 


/ 

vrsin-‘^2]. 


(22) At a point a 


( 23 ) 


m 4“ wi' 
middle point of the string. 
(11 4- V 2 i)l 


from the 


EXAMPLES XXXVIIL(p. 3(H) 


/ V ^ 

(I) ^ = 


: A + c ; 2W 
2r® 




Xfird^ 4- 




(a) 

(12) 


/ 2g(i 

dt ' y 


— cos $) 


(13) ; tan-i^ ~ tan with.r-axis. 


( 14 ) 

(15) 


V~L 


(yi 


(y® + I)®- 


EXAMPLES XXXIX.fp. 312) 


(1) ; a ~ , h — — ; 

' ' 2 ax 4- b 15,000 100 

V — 20. __ 

(2) I sec. ; iVb secs. : 2 secs., — i- 

sec. ; — 2 ft., 25 ft. ; 18 ft./sec.®, 
— 18 ft./sec.® 


(3) 3 se^. or — 2 secs. ; 8 J ft. or 1 2 J ft . 

(10) from O. 




ANSWERS TO THE EXAMPLES 
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EXAMPLES XL.(p 315) 


(i) The hodograph is a quadrant of a 
circle beginning due N. and end- 
ing due W. of the origin, and of 
radius proportional to About 
1-8 in. 


(2) Velocity — 8-^/3 ft. /sec. The vec- 
tor makes an angle cos“^^^-~^ 

with the horizontal. 

(4) (i) a circle ; (ii) a vertical straight 

line ; (iii) the parabola — x. 

(5) The parabola y — i2{x — i)*. 


(1) zMa ^. 
(4! |Afa*. 
(5) 


EXAMPLES XLL (p. 327) 

(6) IMaK 

(ii) (i) yikT, where M - mass of re- 
mainder of plate ; (ii) 


EXAMPLES XLII.(p 329) 

(-2) where M is the mass of (6) 48-4 lb. /ft.* 

‘wheel and shaft. (7) (i) ; (ii) 

(5) VWAf, where M is the total mass. 


EXAMPLES XLIII.(p. 333) 


( 1 ) 8 radians per sec. 

(2) 16 lb. /ft.* nearly. 


24 ft. /sec. ; 20 ft. lb. 
Ii V3 radians per sec. 
l^Vioz ft. /sec. 

18,365 lb. /ft.* 



(9) loi and 202 R.P.M. nearly. 

(11) radians per sec. 

(12) 28,380 ft. lb. 

(13) V^. 

(14) 

(15) 8-05. 


EXAMPLES XLIV.(p. 34.3) 



(3) o-o6 oz. 

(4) ^^ 7 T* ft. ib. ; 0-614 lb. ft. 

(5) .57*9 ft./tons ; 17 lb. wt./ft. ; 1200 

revolutions. 

(6) sec. 

3 

(7) 31-25 ft. lb. nearly ; lb. wt. 

4 

(9) 5^7 sec. 


(II) 

(18) 

(19) 

(21) 

(22) 


(23) 

(25) 

(27) 

(28) 


Mgr — G 
k + Mr^ ' 
mh {l - h). 

Mm -p w' 

fl radians. 

j ft. /sec. ; V radians per sec. ; 
«2Wlb./ft.* 



i6| revolutions ; 3-49 ft. 

32 lb. ft. units of impulse. 

150 revolutions ; 40^^ lb. wt./ft. 


EXAMPLES XLV.(p. 350) 


(2) 142-8 ft. lb. 

(3) 4Vi: 42^3 


lb. ft. units. 


(7) 


2gA 


Ik^ -j- 

L* 1 J 


(15) 781 lb. wt. 


(17) 

(19) 2 


aGJ 


Ib^ -f- /a*' 




loge(V'2 -f i). 


(20) V 6 ag, where 2a is the length of 
M 
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SS2 


EXAMPLES XLVI. (p 357) 


(4) Accel. = V/* — 2fxoj^ -f {x^ -f- where x, y are the co-ordinates of 

the point referred to O as origin and, the given lines as axis of x. 

The circle {x^ 4- — 2/;ro>* p ~ — o, where F is the given 

magnitude. This is a circle fixed relatively to the disc, and not a 
circle in space. 

{5) C is the point x ^ y ^ referred to A as origin and AB 


as ;r-axis, and a 


2 

AB. 


2(1 — cos 0y 


EXAMPLES XLVII.(p 3f)2) 


{4) i'3ft. lb. 

(5) 2vSi, 635*2 ft. lb. ; 117-3 lb. wt. 

4 - nm -f m') sin g 


2Ma* H nm 


I 4^ 

\ 


ad -r 6 *N 4 w' 


(2a® f d*). 

(S) (i) 5 lb./ft.»; (ii) I22i lb./ft.»: 1 


(10) 


Vi 


iom^(i — cos 6) 

{jM -f lom 4 low cos 6)a ’ 


. , r ^ iSf)Mm 4 205m- 

t 5 M 7 M 4 
the horizontal. 


to 


cos 0) 


4 3 sin* $) 


I"' 

( 12 ) 

' 3(1 — cos a) 

(14) A vertical straight line. 
(16) W lb. wt. on back ; 
wt. on front. 


ir Ib. 


EXAMPLES XLVHI.(p 3t)7) 


' \ml m-ym j \m{ m-j-m. / 

where x is the distance of F from 
the centre of gravity. 

(4) The mid-point of the wire moves 

y 

with uniform velocity and the 

' 2 

wire rotates with angular velocity. 


(7) 


y 

— , where 2a is the length of the 
wire. 

4^and 

m m 


, 0 . 4- r*)P 

' ^ Mr* 4 2wA*' 

(16) cos“MI)- approximately. 






